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(57) ABSTRACT

A dental optical coherence tomography apparatus for mea-
suring tissue 1n a stomatognathic region of a living body or an
artificial composition in the stomatognathic region as a mea-
sured object includes: a variable wavelength light source
(15); a light splitting portion (19) that splits light-source light
emitted from the variable wavelength light source (135) nto
reference light (29) and measuring light (28); an interference
portion (19) that causes the measuring light (28) and the
reference light (29) to intertere with each other, thereby gen-
crating interference light; a photodetection portion (41) that
measures the interference light; and an arnthmetic portion
(27b) that generates an 1mage of a measured object (22) by
Fourier transforming or inverse Fourier transforming the
intensity of the interference light, whose wavelength changes
with time, that has been detected by the photodetection por-
tion for each of the wavelengths. Accordingly, an optical
coherence tomography apparatus applicable to dental mea-
surement can be provided.
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DENTAL OPTICAL COHERENCE
TOMOGRAPH

TECHNICAL FIELD

The present invention relates to an apparatus for optical
coherence tomography (tomographic measurement using
low-coherence light as a probe), which 1s a nondestructive
tomographic measurement techmque. In particular, the
invention relates to an optical coherence tomography appa-
ratus applicable to dental measurement.

BACKGROUND ART

Conventionally, for dental diagnoses, X-ray imaging appa-
ratuses, intraoral cameras, dental cameras, X-ray CT, MRI,
etc. have been used 1n order to 1image the stomatognathic
region.

Images obtained with X-ray imaging apparatuses ulti-
mately are transmitted images, and the information of the
subject along the traveling direction of X rays 1s detected in an
overlapped manner. Therelfore, the internal structure of the
subject cannot be known 1n a three-dimensional way. In addi-
tion, since X rays are harmiul to the human body, the annual
exposure dose 1s limited, and they can be handled only by
qualified experts. Moreover, they can be used only 1n cham-
bers surrounded by shielding members such as lead and lead
glass.

Intraoral cameras 1mage only the surface of intraoral tis-
sues, and the internal information such as the information
about a tooth therefore cannot be obtained. Like X-ray imag-
ing apparatuses, X-ray CT 1s harmful to the human body.
Moreover, 1t has low resolution, and involves large and expen-
stve apparatuses. MRI has low resolution, and involves large
and expensive apparatuses. Moreover, 1t cannot image the
internal structure of a tooth containing no moisture.

Incidentally, an optical coherence tomography apparatus
(heremaftter, referred to as “OCT apparatus™) 1s harmless to
the human body, and can obtain the three-dimensional 1nfor-
mation of subjects with high resolution. "

T'heretfore, 1t 1s
applied 1 the field of ophthalmology, such as for tomo-
graphic measurements ol a cornea or a retina, (for example,
see JP2003-329577A, JP2002-310897A, JP11-325849A,
and JP2001-059714A). It should be noted that OCT 1s the
abbreviation for optical coherence tomography. The optical
coherence tomography apparatus also may be called an opti-
cal interference tomography apparatus.

Here, a conventional OCT apparatus will be described.
FIG. 30 1s a diagram showing the configuration of a conven-
tional OCT apparatus. In an OCT unit 1 constituting the OCT
apparatus shown in FIG. 30, the light emitted from a light
source 2 1s collimated by a lens 3, and then split into reference
light 6 and measuring light 5 by a beam splitter 4. The mea-
suring light 5 passes through a galvano mirror 8, and 1s
focused by a lens 9 on a measured object 10, where the
measuring light 5 1s scattered and reflected. Thereatter, the
measuring light 5 again passes through the lens 9, the galvano
mirror 8 and the beam splitter 4, and 1s focused on a photo-
detector 14 by a lens 7. Meanwhile, the reference light 6
passes through a lens 12, 1s retlected at a reference mirror 13,
and passes through the lens 12 and the beam splitter 4 again.
Thereatter, the reference light 6 overlaps the measuring light
5, enters the lens 7, and 1s focused on the photodetector 14.

The light source 2 1s a low-temporal-coherence light
source. Those components of light emitted from a low-tem-
poral-coherence light source at different time points tend not
to interfere with one another. Therefore, an interference sig-
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nal will appear only when the distance of the optical path
through which the measuring light 5 passes 1s substantially
equal to the distance of the optical path through which the
reference light 6 passes. Accordingly, the reflectance distri-
bution of the measured object 10 1n the depth direction (the z
axis direction) can be obtained by measuring the intensity of
the intertference signal with the photodetector 14, while mov-
ing the reference mirror 13 in the direction of the optical axis
of the reference light 6 and thus changing the difference in the
optical path length between the measuring light 5 and the
reference light 6. That 1s, the configuration of the measured
object 10 1n the depth direction can be determined by sweep-
ing the optical path length difference.

The measuring light 5 reflected 1n the z axis direction at the
measured object 10 carries the object information of the mea-
sured object 10 1n the wavelorm of 1ts electromagnetic wave.
However, there 1s no photodetector capable of directly mea-
suring the wavetorm on the temporal axis, because the optical
wavelorm of the measuring light S 1s a phenomenon that 1s
very rapid. Therefore, the OCT apparatus causes the measur-
ing light 5 retlected at the measured object 10 and the refer-
ence light 6 to interfere with each other, thereby converting
the reflection property information of each area of the mea-
sured object 10 mto a change in the itensity of the interfer-
ence light. As a result, the photodetector 14 can perform the
detection on the temporal axis.

A two-dimensional cross-sectional image of the measured
object 10 can be obtained by performing scanning in the
transverse direction (the x-axis direction) with the galvano
mirror 8, 1n addition to the scanning 1n the depth direction (the
z-ax1s direction) of the measured object with the reference
mirror 13. With such an OCT apparatus, measurement can be
performed with high resolution in the order of several
micrometers. Accordingly, with the OCT apparatus, a high
resolution 1mage of the interior of a living body can be
obtained 1n a nondestructive and contactless manner.

With regard to the application of the OCT apparatus to the
field of the dentistry, examples are disclosed 1n which tomo-
graphic 1images of teeth are taken using OC'T apparatuses (for
example, see Documents 1 to 5 below).

Document 1: LASER KENKYU, October 2003: Technical

development of the optical coherence tomography center-
ing on medical science

Document 2: Journal of Biomedical Optics, October 2002,
Vol. 7 No. 4: Imaging caries lesions and lesion progression
with polarization sensitive optical coherence tomography

Document 3: APPLIED OPTICS, Vol. 37, No. 16, and 1 Jun.
1998: Imaging of hard-and soft-tissue structure In the oral
cavity by optical coherence tomography

Document 4: OPTICS EXPRESS, Vol. 3, No. 6, and 14 Sep.
1998: Dental OCT

Document 5: OPTICS EXPRESS, Vol. 3, No. 6, and 14 Sep.
1998: In vivo OCT Imaging of hard and soft tissue of the
oral cavity

DISCLOSURE OF INVENTION

Problem to be Solved by the Invention

However, in practice, OCT apparatuses are not used for
dental medical examinations. At least at present, it 1s not
practical to use OCT apparatuses for dental diagnosis, and no
dental OC'T apparatus 1s available as a product. The reason 1s
that, with an OCT apparatus, 1imaging 1s time consuming
since 1t 1s necessary to perform two-dimensional mechanical
scanning including the depth direction 1n order to obtain a
single tomographic 1mage. Moreover, the apparatuses are
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complex and expensive, and have poor durability. That 1s, 1t
has been difficult to apply the OCT apparatuses to dental
measurement in practice.

Therelore, 1n view of the above-described problems, 1t1s an
object ol the present invention to provide an optical coherence
tomography apparatus having a simple structure, capable of
performing high-speed imaging and being applicable to den-
tal measurements.

Means for Solving Problem

A dental optical coherence tomography apparatus accord-
ing to the present invention 1s a dental optical coherence
tomography apparatus for measuring tissue 1n a stomatog-
nathic region of a living body or an artificial composition in
the stomatognathic region as a measured object, the apparatus
including: a variable wavelength light source that emits light
whose wavelength changes with time within a predetermined
range; a light splitting portion that splits light-source light
emitted from the variable wavelength light source into refer-
ence light for irradiating a reference mirror and measuring
light for irradiating a measured object; an interference portion
that causes the measuring light reflected at the measured
object and the reference light reflected at the reference mirror
to interfere with each other, thereby generating interference
light; a photodetection portion that measures the interference
light, whose wavelength changes with time within a prede-
termined range; and an arithmetic portion that generates
reflection property data representing a position at which the
measuring light 1s reflected at the measured object and the
reflection intensity thereof by Fourier transforming or inverse
Fourier transforming an intensity of the interference light
measured by the photodetection portion 1n each stage of the
changing wavelength, and that generates an 1mage of the
measured object.

Effects of the Invention

According to the present invention, 1t 1s possible to provide
an optical coherence tomography apparatus having a simple
structure, capable of performing high speed imaging and
being applicable to dental measurements.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram showing an example of the configura-
tion of an FD-OCT apparatus according to Embodiment 1.

FIG. 2 1s a flowchart showing an example of the processing,
in which an arithmetic portion generates a cross-sectional
image based on measured interference light.

FIG. 3 1s a flowchart showing a flow of the processing of
correcting the reflection intensity layer by layer.

FIG. 4 shows an example in which the reflection intensity
distribution 1n the depth direction 1s divided 1nto a plurality of
layers.

FI1G. 515 a flowchart showing an example of the processing
in which the arithmetic portion displays an image of a mea-
sured object.

FIG. 6 shows an example of the data structure of a collec-
tion of dental shape rules.

FIG. 7 shows an example of the shapes represented by the
data contained in a dental shape library.

FIG. 8A 1s a cross-sectional view showing the internal
structure of a probe unit 200 shown 1n FIG. 1. FIG. 8B 1s a
plane view of the probe unit 200, as viewed from the x-axis
direction.

FIG. 9 1s a conceptual diagram illustrating an exemplary
method 1n which a lens 1s driven.

FIG. 10 shows another example of the configuration of a
mouthpiece and a mouthpiece holder.
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FIG. 11A 1s a cross-sectional view of the probe unit in the
case of using a splint instead of a mouthpiece. FIG. 11B 1s a
plane view of the probe unit in FIG. 11A, as viewed from the
x-axis direction.

FIG. 12A 1s a cross-sectional view in the y-z plane of a
mouthpiece and a mouthpiece holder with which a cheek
retractor 76 1s provided. FIG. 12B 1s a diagram showing a
cross section of the mouthpiece holder 73a and the cheek
retractor 76 shown 1n FIG. 12A, taken along the B-B line.

FIG. 13 1s a cross-sectional view showing a modification of
the mouthpiece.

FIG. 14 1s a cross-sectional view showing a modification of
the probe unit according to this embodiment.

FIG. 15A 1s a diagram showing an example of the structure
in which the mouthpiece holder and the probe unit slide
following the shape of the mouthpiece. FIG. 15B 1s a cross-
sectional view 1n the x-y plane of the mouthpiece holder and
mouthpiece shown in FIG. 15A.

FIG. 16 1s a diagram showing an example of the shape of a
mouthpiece holder bent at a right angle.

FIG. 17A 1s a cross-sectional view of a probe unit 1n the
case of using a spacer as a fixing member. FIG. 17B 1s a
cross-sectional view showing a modification of the probe unit
including a spacer.

FIGS. 18A and B are diagrams showing modifications of
the probe unit including a spacer.

FIG. 19 1s a cross-sectional view 1n the x-y plane showing,
a modification of the probe unat.

FIG. 20 1s a cross-sectional view showing a modification of
a rotating member.

FIG. 21 1s a cross-sectional view showing a modification of
a sleeve.

FIG. 22 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 2.

FIG. 23 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 3.

FIG. 24 A 1s a diagram schematically showing the configu-
ration of a light-source light polarization manipulator 35.
FIG. 24B 1s a diagram schematically showing the configura-
tion of a reference light polarization manipulator 36 or an
interference light polarization mampulator 37.

FIG. 25 1s a diagram showing the configuration of a light
source of the OCT apparatus.

FIG. 26 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 5.

FIGS. 27A and B are diagrams showing the configuration
of an OCT apparatus according to Embodiment 6 near the
reference mirror.

FIG. 28 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 7/.

FIG. 29 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 8.

FIG. 30 1s a diagram showing the configuration of a con-
ventional OCT apparatus.

DESCRIPTION OF THE INVENTION

A dental optical coherence tomography apparatus accord-
ing to the present invention 1s a dental optical coherence
tomography apparatus for measuring tissue 1n a stomatog-
nathic region of a living body or an artificial composition in
the stomatognathic region as a measured object, the apparatus
including: a variable wavelength light source that emits light
whose wavelength changes with time within a predetermined
range; a light splitting portion that splits light-source light
emitted from the variable wavelength light source 1nto refer-
ence light for 1irradiating a reference mirror and measuring
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light for irradiating a measured object; an interference portion
that causes the measuring light reflected at the measured
object and the reference light reflected at the reference mirror
to interfere with each other, thereby generating interference
light; a photodetection portion that measures the interference
light, whose wavelength changes with time within a prede-
termined range; and an arithmetic portion that generates
reflection property data representing a position at which the
measuring light 1s reflected at the measured object and the
reflection intensity thereof by Fourier transforming or inverse
Fourier transforming an intensity of the interference light
measured by the photodetection portion 1n each stage of the
changing wavelength, and that generates an 1mage of the
measured object. In the dental optical coherence tomography
apparatus according to the present invention, since light
whose wavelength changes with time within a predetermined
range 1s emitted from the variable wavelength light source,
the photodetection portion can detect the interference light,
whose wavelength changes with time within a predetermined
range. That 1s, the photodetection portion detects the interfer-
ence light intensity 1n each stage of the changing wavelength.
Accordingly, the photodetection portion detects the distribu-
tion of wavelength of the interference light. The arithmetic
portion Fourier transforms or inverse Fourier transforms the
interference light intensity in each stage of the changing
wavelength, thereby converting 1t into the data representing,
the reflection intensity at each of the retlected positions of the
measuring light in the measured object. Accordingly, the
arithmetic portion can generate retlection property data rep-
resenting a position at which the measuring light 1s reflected
at the measured object and the reflection intensity thereof.
The arnthmetic portion generates a tomographic image of the
measured object, using the reflection property data. That 1s,
the arithmetic portion can obtain the mnformation of the mea-
sured object in the depth direction based on the data of the
interference light of each of the wavelengths.

Accordingly, 1t 1s possible to obtain the information of the
measured object 1n the depth direction without performing,
mechanical scanming in the direction of the measuring light,
1.€., the depth direction of the measured object. As aresult, the
apparatus has a simplified structure, and can perform imaging
at high speed. Furthermore, 1t 1s possible to place the OCT
apparatus next to a dentist’s chair, making i1t possible to
perform dental measurement using the OCT apparatus. That
1s, 1t 1s possible to provide an OCT apparatus that can be
applied to dental diagnosis.

It 1s preferable that a beam splitter or a fiber coupler 1s used
for both of the functions of the light splitting portion and the
interference portion.

A dental optical coherence tomography apparatus accord-
ing to the present invention 1s a dental optical coherence
tomography apparatus for measuring tissue 1n a stomatog-
nathic region of a living body or an artificial composition in
the stomatognathic region as a measured object, the apparatus
including: a light source; a light splitting portion that splits
light-source light emitted from the light source into reference
light for irradiating a reference mirror and measuring light for
irradiating a measured object; an interference portion that
causes the measuring light reflected at the measured object
and the reference light reflected at the reference mirror to
interfere with each other, thereby generating interference
light; a photodetection portion that measures the interference
light; an arithmetic portion that generates reflection property
data representing a position at which the measuring light 1s
reflected at the measured object and the reflection 1ntensity
thereol based on the interference light measured by the pho-
todetection portion, and generates an image of the measured
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object; a probe that radiates the measuring light so that the
measuring light 1s guided to the measured object, recetves the
measuring light retlected at the measured object, and guides
the aforementioned measuring light to the interference por-
tion; and a {ixing means that 1s fixed to the probe and 1s able
to fix a relative position between the probe and the measured
object by being 1n contact with a portion of the measured
object or by being bonded thereto via an adhesive member.

Since the probe radiates the measuring light so that the
measuring light 1s guided to the measured object, recetves the
measuring light reflected at the measured object, and guides
the aforementioned measuring light to the iterference por-
tion, 1t 1s possible to radiate the measuring light to a measured
area having a complex structure, which 1s the measured
object, 1 the stomatognathic region, and receive the reflected
light.

In addition, the relative position between the probe and the
measured object 1s {ixed 1n a state in which the fixing means
1s {ixed to the probe, and 1s 1n contact with the measured
object or bonded to the measured object via the adhesive
member. Accordingly, with the use of the probe, the irradia-
tion position of the measuring light can be changed flexibly in
accordance with the shape of the measured object, and fix the
relative position between the probe and the measured object.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
probe includes an objective lens that focuses the measuring
light on the measured object, and the fixing member fixes a
relative position between the probe and the measured object
so that a focal point of the measuring light focused by the
objective lens 1s located on a surface or the interior of the
measured object, 1 a state 1n which the fixing member 1s 1n
contact with the measured object.

When the fixing member 1s 1n contact with measured
object, the position and orientation of the probe relative to the
measured object 1s fixed so that the focal point of the objective
lens 1s located on the measured object. Accordingly, the mea-
surer can keep the probe 1n the position and the orientation
that are suitable for measurement by holding the probe so that
the fixing member 1s 1n contact with the measured object.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
fixing means comprises a mouthpiece having a shape that can
be 1nserted between upper dentition and lower dentition, or a
splint core including a mounting portion that 1s attachable to
an adhesive member 1s mounted that has a shape matching the
shape of dentition including a measured object, or. Thus, the
relative position between the probe and the measured object 1s
fixed 1n a stable manner.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
probe turther includes a scanning means that scans the mea-
suring light for irradiating the measured object 1n directions
perpendicular to the optical axis of the measuring light. Since
the probe 1s provided with the scanning means, it 1s possible
to perform two-dimensional scanning or three-dimensional
scanning in the oral cavity where the measured object 1s
located.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
arithmetic portion generates retlection property data repre-
senting a depth of the measuring light entering the measured
object and the reflection intensity of the measuring light at the
alorementioned depth based on the interference light, and
corrects the reflection intensity 1n accordance with the afore-
mentioned depth zp, or a function or an integral function
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relating to the atorementioned depth zp, thereby generating a
tomographic image of the measured object 1n an optical axis
direction.

The intensity of the measuring light decreases with an
increase of the depth ol the measured object in the optical axis
direction, so that the intensity of the reflecting light also
decreases. As a result, the reflection intensity of the measur-
ing light 1n the position at the depth zp, represented by the
reflection property data, tends to decrease with an increase of
the depth zp. Therefore, 1t 1s possible to reduce the decrease of
the reflection 1ntensity by the ifluence of the depth by cor-
recting the reflection intensity represented by the retlection
property data in accordance with the depth zp, or a function or
an integral function relating to the depth zp.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
arithmetic portion generates reflection property data repre-
senting a distribution of reflection intensity of the measuring
light 1n the depth direction of the measuring light entering the
measured object based on the interference light, divides the
distribution of the reflection intensity into a plurality of layers
in the atorementioned depth direction, and correct the retlec-
tion 1intensity for each of the atorementioned layers by using,
a transmittance of each of the divided layers to, thereby gen-
erating a tomographic 1mage of the measured object 1n an
optical axis direction.

In the case where the measured object has a plurality of
layers having different light transmittances, the degree of the
decrease 1n the reflection intensity of the measuring light with
the depth varies between the layers. Since the arithmetic
portion uses the light transmittance of each of the divided
layers to correct the reflection intensity for each of the layers,
in the case where the measured object has a plurality of layers
having different light transmittances, 1t 1s possible to perform
correction taking into consideration the difference in the
decrease of the reflection intensity between the layers. One
example of the measured object having a plurality of layers
with different light transmaittances 1s a tooth. A tooth includes
the enamel layer, the dentine layer, the cementum layer, the
alveolar bone and so on.

In the dental optical coherence tomography apparatus
according to the present invention, it 1s preferable that the
light source 1ncludes two or more light sources having differ-
ent center wavelengths, and 1includes a light source switching
portion that guides light from any one of the two or more light
sources to the light splitting portion. This makes it possible to
select the light of a wavelength suitable for the constituents of
the measured object as the light-source light.

It 1s preferable that the dental optical coherence tomogra-
phy apparatus according to the present invention further
includes: a dental shape data recording portion for recording
dental shape data indicating the shape of each area of tissue 1n
a stomatognathic region of a living body; and a display por-
tion for displaying an image generated by the arithmetic
portion, wherein the arithmetic portion extracts a portion of
the generated 1mage that represents each area, a lesion, a
prosthetic appliance or a filling 1n the tissue 1n the stomatog-
nathic region, using the dental shape data, and outputs the
alorementioned portion to the display portion 1n such a man-
ner that the aforementioned portion can be distinguished
visually from other portions.

The arithmetic portion can extract a portion of the above-
described image indicating the shape of each area, a lesion, a
prosthetic appliance or a filling 1n the tissue 1n the stomatog-
nathic region based on the dental shape data indicating the
shape of each area of the tissue 1n the stomatognathic region.
By the arithmetic portion outputting each of these extracted
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portions to the display portion 1n such a manner that each of
these portions can be distinguished visually from other por-
tions, an operator looking at that display easily can recognize
the shape of each area, a lesion, a prosthetic appliance or a
filling 1n the tissue 1n the stomatognathic region.

A dental optical coherence tomography apparatus accord-
ing to the present invention 1s a dental optical coherence
tomography apparatus for measuring tissue 1 a stomatog-
nathic region of a living body or an artificial composition in
the stomatognathic region as a measured object, the apparatus
including: a light source; a light splitting portion that splits
light-source light emitted from the light source into reference
light for irradiating a reference mirror and measuring light for
irradiating a measured object; an interference portion that
causes the measuring light reflected at the measured object
and the reference light reflected at the reference mirror to
interfere with each other, thereby generating interference
light; a photodetection portion that measures the interference
light; an arithmetic portion that generates reflection property
data representing a position at which the measuring light 1s
reflected at the measured object and the reflection 1ntensity
thereol based on the interference light measured by the pho-
todetection portion, and that generates an 1mage of the mea-
sured object; a probe that radiates the measuring light so that
the measuring light 1s guided to the measured object, receives
the measuring light reflected at the measured object, and
guides the measuring light to the interference portion; a rotat-
ing member that 1s attached to the probe so that it can rotate
about at least one direction as a rotation axis, and that includes
an 1irradiation port for radiating the measuring light 1n a direc-
tion forming a {ixed angle or a variable angle with the rotation
axis; and a driving portion that rotates the rotating member.

Since the 1rradiation direction of the measuring light radi-
ated from the irradiation port to the measured object forms a
fixed angle or a variable angle with the rotation axis of the
rotating member, rotation of the rotating member causes the
position of the measuring light radiated to the measured
object to move 1n the direction of that rotation. Accordingly,
when the rotating member 1s rotated by the driving portion,
the measuring light radiated from the 1rradiation port of the
rotating member 1s scanned in the direction of that rotation.

It 1s preferable that the dental optical coherence tomogra-
phy apparatus according to the present mvention further
includes: a sleeve provided on the rotating member via a
bearing so that the sleeve covers the rotating member, and
including a window for allowing passage of the measuring
light radiated from the irradiation port.

By fixing the position of the window of the sleeve relative
to the measured object, the relative position between the
sleeve and the measured object 1s fixed. Since the sleeve 1s
provided so that 1t covers the rotating member via the bearing,
the rotating member rotates in the sleeve whose position 1s
fixed. That 1s, the relative position between the rotating mem-
ber and the measured object 1s also fixed. Accordingly, 1t 1s
possible to subject the measured object to scanning in one
direction 1n a stable manner.

It 1s preferable that the dental optical coherence tomogra-
phy apparatus according to the present mvention further
includes a polarization manipulation portion that manipulates
the polarization condition of at least one of the light-source
light, the reference light, the measuring light and the 1nterfer-
ence light.

In the dental optical coherence tomography apparatus
according to the present imvention, since the polarization
mampulation portion mampulates the polarization condition
of at least one of the light radiated from the light source to the
light splitting portion, the reference light, the measuring light
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and the iterference light, i1t 1s possible to obtain an 1image
reflecting the polarization property or the birefringence prop-
erty of the measured object. As a result, it 1s possible to
observe oral tissue, including, for example, 1nitial dental car-
ies, the dentine, the enamel, gums and the alveolar bone,
which have unique polarization properties or unique bireirin-
gence properties.

It 1s preferable that dental optical coherence tomography
apparatus according to the present invention further includes
a cylindrical lens or a cylindrical mirror that shapes the cross
section of the measuring light into the shape of a line aligned
in one direction in a plane perpendicular to the 1rradiation
direction of the measuring light.

“Cylindrical lens” refers to a lens that functions as a lens
only 1n one of the two directions at a right angle to the optical
axis. Only the shape of the cross section 1n the direction 1n
which a cylindrical lens functions as a lens has a typical lens
shape including a curved contour, and the shape of the cross
section 1n the direction in which a cylindrical lens does not
function as a lens may be, for example, rectangular.

“Cylindrical mirror” refers to a mirror that functions as a
lens only 1n one of the two directions at a right angle to the
optical axis. Only the shape of the cross section 1n the direc-
tion 1 which a cylindrical mirror functions as a lens has a
typical lens shape including a curved contour, and the shape
of the cross section in the direction 1n which a cylindrical
mirror does not function as a lens may be, for example,
rectangular.

The cylindrical lens or the cylindrical mirror shapes the
cross section of the measuring light 1n a plane at a right angle
to the optical axis into the shape of a line aligned with the
direction of one axis 1n a plane perpendicular to the irradiation
direction of the measuring light. Accordingly, the measuring
light 1s radiated so that 1t 1s distributed in the direction of the
above-described one axis of the measured object. That 1s, the
measuring light 1s focused on a line 1n the above-described
one axis direction in the measured object. Accordingly, 1t 1s
possible to measure the cross section of the measured object
in the direction of the above-described one axis, without
performing mechanical scanning in the direction of the
above-described one axis.

In the dental optical coherence tomography apparatus
according to the present invention, 1t 1s preferable that at least
one of the light-source light, the measuring light, the refer-
ence light, the interference light and light divided into a
spectrum 1s guided with an optical fiber. With the use of an
optical fiber, the traveling direction of light can be changed
flexibly. In that case, an optical fiber in which a plurality of
optical fibers are aligned parallel to one another, or an optical
fiber bundle that 1s bundled so that its cross section perpen-
dicular to the optical axis has a substantially circular shape
may be used.

It 1s preferable that the dental optical coherence tomogra-
phy apparatus according to the present invention 1s config-
ured to project the measuring light or a pattern of visible light
onto the surface of the measured object, and monitors the
surface 1mage of the measured area using a two-dimensional
imaging apparatus, or to record such an 1image synchronously
with ameasured tomographic image. This allows the operator
to confirm the measured area during measurement.

Hereinafter, embodiments of the present invention will be
described with reference to the drawings.

Embodiment 1

FIG. 1 1s a diagram showing an example of the configura-
tion of a Fourier domain optical coherence tomography appa-
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ratus (heremafter referred to as “FD-OCT apparatus™)
according to Embodiment 1. It should be noted that FD-OCT
1s the abbreviation for Fourier-domain OCT. An FD-OCT
apparatus 1s an OCT apparatus that measures interference
light between measuring light emaitted from a low-coherent
light source and reflected at an measured object, and refer-
ence light emitted from the light source and reflected at the
reference mirror, and determines the optical properties of the
measured ObJE:Ct in the depth direction, 1.e., the direction of
the optical axis of the measurmg light from the information of
the interference light, using Fourier transformation or inverse
Fourter transformation. With the FD-OCT apparatus,
mechanical scanning in the direction of the optical axis of the
measuring light becomes unnecessary. There are at least two
kinds of FD-OCT apparatuses, namely, the swept source FD-
OCT and the spectral domain FD-OCT. In this embodiment,
the swept source FD-OCT will be described.

Here, the spectral domain FD-OCT apparatus 1s an OCT
apparatus that 1s characterized by detecting a spectrum result-
ing from separating interierence light with a diffraction grat-
ing, and determining the mmformation about the measured
object 1n the direction of the optical axis of the measuring
light from this spectrum, using Fourier transformation or
inverse Fourier transformation.

Example of Structure of FD-OCT (Swept Source Type)
According to this Embodiment

As shown 1n FIG. 1, the swept source FD-OCT apparatus
includes an OCT unit 100, a probe unit 200 and a calculating
machine 27. The OCT unit 100 1s provided with a light source
15, a fiber coupler 19, a reference mirror 24 and a photode-
tector 41. The probe unit 200 1s provided with galvano mirrors
20a and 205, as well as lenses 21a and 21b. The calculating
machine 27 1s connected to the light source 15, the photode-
tector 41 and the galvano mirrors 20. The calculating machine
27 may be, for example, a computer such as a personal com-
puter, and includes at least an arithmetic portion 275 such as
a CPU, and a recording portion 27¢ such as a hard disk. The
calculating machine 27 also may include, for example, a
display portion 27a such as a liquid crystal panel, a CRT and
a PDP.

It should be noted that the configuration of the OCT unit
100, the probe unit 200 and the calculating machine 27 1s not
limited to the configuration shown in FIG. 1. For example, the
function of the calculating machine 27 can be incorporated 1n
the OCT unait 100.

The light source 15 1s a temporally and spatially low-
coherent light source. That 1s, 1t 1s a light source that emaits
light whose wavelengths are distributed over a narrow range
around a center wavelength. The center wavelength of the
light radiated by the light source 15 changes with time. The
wavelength of the light radiated by the light source 135
changes within a wavelength range umique to the apparatus,
for example, for every fixed period of time. That 1s, the light
radiated from the light source 15 sweeps the wavelength of
the above-described range for every fixed period of time.

As the light source 15, a narrowband laser light source of
adjustable wavelength, such as a tunable LD (laser diode),
can be used, for example. The light source 15 may be, for
example, a light source that radiates light whose center wave-
length changes within the variation range of £110 nm or £55
nm with respect to the center wavelength o1 830 nm, 1100 nm,
1300 nm, 1500 nm or 1600 nm. In addition, the light source 15
may emit light whose wavelength changes by 0.064 nm in 17
nanoseconds (17 nsec), for example. That 1s, the light source
15 can divide the wavelength variation range of 110 nm 1nto
1’700 points, and emit light while the wavelength 1s changed
by one point with a frequency of 60 MHz.
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The fiber coupler 19 1s an example of an optical interfero-
metric apparatus that performs the function of a light splitting
portion and an interference portion. The optical interferomet-
ric apparatus 1s an input-output switchable optical component
that causes two input lights to interfere with each other, and
outputs them 1n two directions. Examples of the optical inter-
terometric apparatus include a beam splitter and a half mirror,
in addition to the fiber coupler 19.

The photodetector 41 1s an example of the photodetection
portion. As the photodetector 41, a photodiode can be used,
for example. In particular, an infrared photodiode 1s suitable
as the photodetector 41. In the swept source FD-OCT appa-
ratus, the light detected by the photodetector 41 1s of zero
dimension, that 1s, a light ray.

In the spectral domain FD-OCT apparatus, the light
detected by the photodetector 41 1s light that has been spec-
trally separated with a diffraction grating, and thus extends in
one dimension. Therefore, a high-resolution photodetection
array of one or more dimensions 1s needed as the photodetec-
tor41. One example of a high-resolution photodetection array
of one or more dimensions 1s a CCD 1mage sensor. However,
CCD mmage sensors, especially those with a 1.3 ul infrared
region, are complex, large, and expensive. In comparison, the
photodiodes used for the photodetector 41 of the swept source
FD-OCT apparatus are simple, small, and imnexpensive. This
will be a highly advantageous eflect for applying the swept
source FD-OCT apparatus to dentistry.

The probe unit 200 includes the lenses 21a and 215, and the
galvano mirrors 20q and 205. The measuring light 28 output
by the fiber coupler 19 of the OCT unit 100 1s guided and
radiated to the measured object 22, whereas the reflected
component of the measuring light 28 reflected at the mea-
sured object 22 1s recerved and guided to the fiber coupler 19.
The details of the configuration of the probe unit 200 will be
described later. The probe unit 200 and the OC'T unit 100 are
connected to each other with an optical fiber 18, and light
transmission between the probe umt 200 and the OCT umit
100 1s carried out using the optical fiber 18. Thus, the probe
unit 200 can be formed as a different casing from the OCT
unit 100. That 1s, the position and orientation of the probe unit
200 can change tlexibly according to the condition of the
measured object 22, without any constraints from the position
and orientation of the OCT unit 100. Furthermore, the mov-
able range of the probe unit 200 1ncreases.

Preferably, the probe unit 200 1s configured to be operable
by an operator 1n a hand-held manner. This makes 1t possible
for the operator to use the unit easily from the side of a
dentist’s chair. The operator can use the OC'T apparatus 1n a
condition 1 which the positional relationship between the
probe unit 200 and the patient 1s flexible.

When applying the OCT apparatus to dental use, it 1s
predicted that the OC'T apparatus 1s used on the side of the
chair on which the patient usually sits at the time of medical
examination. In this case, if an air-based optical system (in
which the optical path to the probe unit transverses the air
instead of in the optical fiber) 1s used to position the probe unit
200, then the entire OCT unit needs to be positioned 1n the
oral cavity of the patient precisely. Moreover, 1t 1s unrealistic
that the operator would manipulate a comparatively heavy
OCT held m his/her hand.

Example of Operations of FD-OCT Apparatus

Next, the operations of the FD-OCT apparatus shown 1n
FIG. 1 will be described. In this embodiment, a case i1s
described where the measured object 22 1s tissue 1n the sto-
matognathic region of a living body, or an artificial compo-
sition 1n the stomatognathic region. In the following descrip-
tion, a coordinate system 1s defined as follows. As shown in
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FIG. 1, for the measured object 22, the z direction 1s defined
as the direction of the optical axis of the measuring light 28,
1.€., the depth direction of the measured object 22, and the x-y
plane 1s defined as the plane perpendicular to the z direction.
The vy direction 1s defined as the scanning direction of the
galvano mirror 205, and the x direction 1s defined as the
direction that 1s perpendicular to the y direction and 1s the
scanning direction of the galvano mirror 20a. In the locations
other than the measured object 22, the x, vy, and z directions
are defined as the corresponding x, y, and z directions of the
measured object 22. “Optically corresponding” means that,
even 1f the spatial direction 1s changed by the mirrors, the
lenses, the optical fiber and so on, the z direction 1s the
traveling direction of light, the y direction 1s the scanning
direction of the galvano mirrors and so on, and the x direction
1s the direction perpendicular to both the v and z directions.
The light emitted from the light source 15 1s collimated by
lenses 17a and 175, and then split into the reference light 29
and the measuring light 28 by the fiber coupler 19. The
measuring light 28 passes through the optical fiber 18, the
lens 21a, and the galvano mirrors 20a and 205, and then is
focused on the measured object 22 by the lens 215. The
measuring light 28 1s retlected and scattered at and transmut-
ted through the measured object 22. Of the measuring light
reflected and scattered at and transmitted through the mea-
sured object 22, those components that have been reflected or
backscattered (heremnafter simply referred to as “reflected
light) are again passed through the lens 215, the galvano
mirrors 20a and 205, the lens 21a, the optical fiber 18 and the
fiber coupler 19, and guided to the photodetector 41 by a lens
30.

Meanwhile, the reference light 29 passes through the opti-
cal fiber 18, and the lenses 23a and 235, 1s reflected at the
reference mirror 24, again passes through the lenses 234 and
23b, and 1s caused to interfere with the retlected component of
the measuring light 28 by the fiber coupler 19, so that 1t enters
the lens 30 1n a manner overlapping the retlective component
of the measuring light 28, and 1s guided to the photodetector
41.

Since the measuring light 28 and the reference light 29 are
both light whose wavelength changes with time, the light that
interferes at the fiber coupler 19 and 1s guided to the photo-
detector 41 also has a wavelengths that changes with time. In
other words, the photodetector 41 detects the interference
light between the reflected component of the measuring light
28 and the reference light 29 for a plurality of wavelengths.
The interference light with various wavelengths measured by
the photodetector 41 1s Fourier transformed or inverse Fourier
transiformed by the arithmetic portion 275 1n the calculating,
machine 27, thereby obtaining a correlation between the mea-
suring light 28 and the reference light 29. From this correla-
tion, the data representing the position of the measured object
22 1n the depth direction (z-axi1s direction) and the intensity of
the reflected light at that position are obtained. That 1s, the
reflectance property of the measured object 22 1s obtained.
From this reflectance property, information relating to the
structure, the composition, or the optical properties of the
measured object 22 1s acquired. For example, the arithmetic
portion 275 of the calculating machine 27 generates a cross-
sectional 1mage of the measured object 22 based on the mea-
sured interference light. An example of the processing in
which the arithmetic portion 275 of the calculating machine
277 generates a cross-sectional image will be described later.

With the above-described FD-OCT apparatus, 1t 1s not
necessary to move the reference mirror 24 to adjust the optical
path lengths of the measuring light 28 and the reference light
29, and to perform scanning in the z-axis direction. That 1is,
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the information relating to the structure of the measured
object 22 1n the depth direction (z-axis direction) can be
obtained, without performing any mechanical manipulation
in the z-axis direction. With the FD-OCT apparatus, tomo-
graphic information in which the S/N ratio has been improved
compared with those obtained by conventional apparatuses
can be obtained. Consequently, a high-resolution tomo-
graphic 1image can be obtained. Moreover, since penetration
(the degree of reach) 1s higher than in conventional appara-
tuses, 1t 1s possible to observe deeper locations inside the
measured object.

As described above, the swept source FD-OCT apparatus
1s an OCT apparatus that obtains the internal information of
the measured object 1n the z-axis direction based on the inter-
ference light between the measuring light 28 and the refer-
ence light 29 at various wavelengths.

In order to obtain a three-dimensional cross-sectional
image of the measured object 22, 1t 1s necessary to perform
scanning 1n the y-axis direction and the x-axis direction, 1n
addition to the z-axis direction. In this embodiment, the scan-
ning in the y-axis direction 1s performed by driving the gal-
vano mirror 205, and the scanning 1n the x-axis direction 1s
performed by driving the galvano mirror 20aq.

As described above, with the swept source FD-OCT appa-
ratus, the structure of the measured object 22 1n the z-axis
direction can be determined from the interference light for the
wavelengths that change with time, so that i1t 1s not necessary
to perform mechanical scanning for obtaining a tomographic
image of the measured object 22. As a result, the apparatus
has a simplified structure, and can perform 1maging at high
speed. Furthermore, the basic properties such as capability of
quantatively obtaining three-dimensional internal informa-
tion of the measured object, as well as other superior proper-
ties such as noninvasiveness and high resolution of the OCT
apparatus can be utilized 1n the field of dentistry.

That1s, 1in the field of dentistry, the measured object 1s often
hard tissue such as a tooth and an alveolar bone. Since hard
tissue such as a tooth and an alveolar bone causes strong
scattering, it has been difficult to observe with conventional
OCT apparatuses. By using an FD-OCT apparatus that real-
1zes higher penetration than conventional OCT apparatuses
for dental applications, it 1s possible to observe deeper loca-
tions 1nside hard tissue such as a tooth and an alveolar bone.

Example of the Processing in which the Arithmetic Portion
27b of the Calculating Machine 27 Generates a Cross-sec-
tional Image

FI1G. 2 1s a flowchart showing an example of the processing,
in which the arithmetic portion 275 of the calculating
machine 27 generates a cross-sectional image based on mea-
sured interference light. In the example shown 1n FIG. 2, the
processing of Steps S1 to S3 1s repeated for each set of x-y
coordinates. In Steps S1 to S3, the arithmetic portion 275
determines the reflection intensity distribution in the z-axis
direction at one measurement point represented by coordi-
nates (X1, y1), for example. The anthmetic portion 275 first
obtains the 1intensity for each wavelength of the interference
light detected by the photodetector 41 (Step S1). For example,
the arithmetic portion 275 obtains, from the photodetector 41,
a value obtained by converting the intensity of the interfer-
ence light between the component of the measuring light 28
that was retlected at the coordinates (x1, y1) and the reference
light 29 1nto a current. Here, the current 1, (k) representing
the mtensity of the interference light with the wave number k
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(=2m/wavelength) that 1s output by the photodetector 41 can
be expressed, for example, by Equation (1) below.

ier (k) = (1)

% [P+ Po f r2(2)dz + 2V P, P, f r@ (2)cos{2k(1)z + P2l 2)
1: Sensitivity of the photodiode

q: Elementary electron charge (=1.6x10™"” coulomb)
hv: Photon energy (v represents the frequency)

P : Reference light intensity

P,: Detection light intensity

r (z): Intensity profile of the light reflection coellicient 1n
the z direction of the subject

¢ (z): Phase profile of the light reflection coefficient in the
7z direction of the subject

I' (z): Coherence function of light-source light

k (1):=2m/A (1) Wave number of light-source light (scanned
by the light source 15)

In Equation (1) above, the third term expresses the light
intensity resulting from interference between the reference
light 29 and the reflected component of the measuring light
28. The first term and the second term represent the back-
ground light intensity, not resulting from the interference. In
addition, although the first term and the second term are
canceled by 1nverse Fourier transformation described below,
they mfluence the dynamic range and noise of the detection
system.

In Equation (1) above, the wave-number k (t) of the light-
source light changes depending on time t. That 1s, the light
source 15 scans the wave number k by changing the wave
number k of the light-source light with Time t. The photode-
tector 41 can output the time series data of the current 1det (k)
representing the intensity of interference light, 1n synchroni-
zation with the scanning of the wave number k by the light
source 13.

The arithmetic portion 275 determines the reflection inten-
sity distribution F (z) of the measuring light 28 in the z-axis
direction 1n the measured object 22 based on the data output
from the photodetector 41 (Step S2). For example, the arith-
metic portion 275 can determine the signal of the reflected
component of the measuring light 28 at the depth z, 1.¢., the
reflection intensity distribution F (z) by inverse Fourier trans-
forming the time series data of i1det (k) output by the photo-
detector 41. For example, F (z) can be determined by inverse
Fourier transformation using Equation (2) below.

F(2) i zosR)exp(2njkz)dk (2)

idet (k) 1s detected by the photodetector 41 as a discrete
value 1det (k, ) for each wave numberk (m=0, 1,2 ...) that
changes with time. Accordingly, the arithmetic portion 275
also can determine the value F (Z,) representing the retlection
intensity at the depth Z, (I=0, 1, 2 . . . ) by discrete inverse
Fourier transformation (discrete inverse Fourier transforma-
tion), for example, using Equation (3) below.

NS 1
Z {Idfl‘ ( (km )exp(znﬁkma{)}

(3)
F(z) =

m: the DFT (discrete Fourier transform) discretization
number of the wave number k

I: the DFT (discrete Fourier transform) discretization num-
ber at the depth z

Ak: the scan width of the wave number of the light source
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In addition, the operation using Equations (1) to (3) can be
used not only for the swept source FD-OCT apparatus but
also for the spectral domain FD-OCT apparatus. Moreover, 1t
1s preferable that the arithmetic portion 275 uses the well-
known fast Fourier transformation algorithm when discrete 5
inverse Fourier transforming the data obtained from the pho-
todetector 41. Next, the arthmetic portion 275 corrects the
signal at the depth z, 1.¢., the value F (z) representing the
reflection intensity, in accordance with the depth z (Step S3).
The anthmetic portion 27b also may correct F (zp), for 10
example, by multiplying the retlection intensity F (zp) by the
correction coellicient C (zp) at the depth zp, expressed by any
one of Equations (4), (5), (6) or (7) below.
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Here, although the correction coetficient C (zp) may be
zero, this means that, when representing an 1mage based on
the corrected data, the brightness of that location becomes the
reference value, and 1t does not necessarily have to mean that
the brightness becomes zero (becomes deep-black). Equa-
tions (4) to (7) may be such that the attenuation of the mea-
suring light in the depth direction can be corrected, and do not
necessarily have to represent the brightness of the final image.
In addition, the equations for correction are not limited to
Equations (4) to (7), and the correction does not necessarily
have to be performed using a value given by an equation.
Correcting the intensity in the depth direction itself 1s of
significance.

35

40

The magnitude of the measuring light 28 that reaches the 45
depth z of the measured object of the OCT apparatus
decreases with an increase 1n the reflection intensity of light at
a depth of O to z. The measuring light 28 that has reached the
depth z of the measured object 1s backscattered or retlected
with a reflectance R unique to that area, and returns to the 5,
surface of the measured object, while attenuating between a
depth of O to zp(s), and 1s detected as a reflected component of
the measuring light 29 at the depth z. Accordingly, correction
can be performed in accordance with the depth zp, for
example, by multiplying the reflection intensity F (zp) at the 55
depth zp by a correction coellicient C (zp) determined with
the value representing the reflected light intensity at a depth of
0 to zp using any one of Equations (4) to (7) above.

The arithmetic portion 275 repeatedly performs the pro-
cessing of Step S1 to S3 described above for each set of x-y 60
coordinates. For example, when the galvano mirror 205 scans
with y=0 to 10000 (um) 1n the y-axis direction and the pho-
todetector 41 measures interference light at intervals of 1 um,
it 1s preferable to repeat the processing of S1 to S3 above for
cach y coordinate wheremn y1=0, 10, 20 . . . 10000 (um). 65
Likewise, when the galvano mirror 20a scans with x=0 to
10000 (um) 1n the x-axis direction and the photodetector 41
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measures interterence light at intervals of 10 um, it 1s prefer-
able to repeat the processing of S1 to S3 above for each x
coordinate wherein x1=0, 10, 20 . . . 10000 (um).

Thus, the arithmetic portion 275 can obtain a three-dimen-
sional 1mage of the measured object by determining the
reflection mtensity distribution 1n the z direction for each set
ol x-y coordinates 1n the scanning range. The arithmetic por-
tion 27b can generate, for example, an 1mage representing a
two-dimensional cross-sectional tomographic view (so-
called “B-scan”). Furthermore, the arithmetic portion 275 can
obtain three-dimensional subject information (so-called
“C-scan”) from a plurality of tomographic views represented
by the B-scan.

Since the basic principle of the OCT apparatus 1s such that
light reflected at a certain depth 1s extracted and used as
measurement information, not only the intensity of the mea-
suring light 1tself used for diagnosis, but also the intensity of
the reflected light decreases as the depth increases. That 1s, the
intensity of the measured immformation decreases in inverse
proportion to the square of the integral value of the transmut-
tance of light. Consequently, when converting the measured
information of the OCT apparatus directly into an 1image, 1f
identical tissues are located at different depths, they will not
be 1maged with the same brightness. This 1s diagnostic infor-
mation that 1s difficult to judge by those experts and persons
making a diagnosis who are used to seeing conventional
X-ray 1images.

As such, the OCT apparatus operates under the basic prin-
ciple that both the measuring light and the reflected light
attenuate as the depth of an area of observed tissue increases.
Accordingly, the deeper the area to be measured, the more
severe the influence of noise becomes.

By correcting the reflection intensity in Step S3 above with
the arithmetic portion 275, 1t 1s possible to alleviate the defec-
tive condition resulting from a reflection intensity that
decreases with the depth as described above. In addition, the
method of correcting the retlection intensity 1s not limited to
the above-described example.

Modification of the Correction Processing,

Although the above-described example of the correction
processing shows an example of the correction using the
depth zp or an integration function relating to the depth zp, the
arithmetic portion 275 also can divide the reflection intensity
distribution 1n the depth direction into a plurality of layers,
and correct the reflection intensity layer by layer, using the
transmission coellicient representing the light transmittance
(=attenuation factor) of each layer, for example. FIG. 3 1s a
flowchart showing a flow of the processing of correcting the
reflection intensity layer by layer.

As shown 1n FIG. 3, the arithmetic portion 275 divides the
reflection intensity distribution in the depth direction into a
plurality of layers (Step S31). FIG. 4 shows an example in
which the reflection intensity distribution 1n the depth direc-
tion 1s divided into a plurality of layers. In the example shown
in F1G. 4, alayer H1, alayer H2, a layer H3 and a layer H4 are
present in this order 1n the depth direction from a surface 22a
from which the measuring light 28 enters the measured object
22.

In the case where the measured object 22 1s a tooth, the
arithmetic portion 275 can divide the positions correspond-
ing, for example, to the enamel layer, the dentine layer, the
cementum layer and the alveolar bone layer of the tooth as the
layer H1, the layer H2, the layer H3 and the layer H4, respec-
tively. That 15, a region having the same properties can be
divided as a single layer. For example, the arithmetic portion
27b can divide a region having the same 1dentical properties
as a single layer by dividing the reflection intensity distribu-
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tion in the depth direction into a plurality of layers, with a
location where the reflection intensity has changed suddenly
as the boundary.

The anthmetic portion 275 determines the transmission
coellicient for the first layer H1, which 1s directly under the
surtace 22a (Step S32). In the layer H1, when the intensity of
the measuring light 28 entering from the surtace 22a 1s 1,,,,
the intensity I',,, of the transmitted light transmitted through
the layer H1 of the light incident on the layer H1 1s expressed
by Equation (8) below.

Iz €

(8)

Then, the arithmetic portion 275 can calculate the trans-
mission coellicient uH1 of the first layer H1 using the bright-
ness b,,, representing the reflection intensity at the surface
22a,the brightness b',,, representing the retlection intensity at
the deepest part of the layer H1 and the depth Z,,, of the layer
H1, for example, using Equation (9) below.

1 | g(bfwl ]
= ——1lo
HH] ZH1 by

It should be noted that the method of determining the
transmission coellicient ., 1s not limited to the method using
Equation (9) above. For example, 1t 1s possible to calculate the
transmission coellicient at a plurality of positions with differ-
ent depths within the layer H1 using the brightness at different
positions, instead ol using the brightness b',,, representing the
reflection intensity at the deepest part in Equation (9) above,
and use their average value as the transmission coetficient 1n
the layer H1. Alternatively, it 1s also possible to determine the
transmission coellicient of suitable adjacent regions 1n a
plane perpendicular to the depth direction, and use their aver-
age value as the transmission coetficient. This 1s an effective
method for removing artifacts. For example, artifacts appear-
ing in a linear or belt-like fashion in the direction of the
measuring light in a measured 1image obtained by the OCT
apparatus can be removed by performing the below-described
correction processing using the average value ol the transmis-
sion coellicients 1 a direction perpendicular to the depth
direction.

Since the itensity I',,, of the transmitted light transmatted
through the layer H1 1s equal to the intensity I,,, of the
incident light entering the layer H2, 1,,, can be expressed by
Equation (10) below.

L'

(9)

IHE:IHIe—MHIZHl (10)

Next, the arithmetic portion 275 corrects the reflection
intensity of the second layer H2 using the transmission coet-
ficient 1n the first layer H1 (Step S33). For example, the
arithmetic portion 275 can calculate B,,, using Equation (11)
below using the brightness b,,, representing the reflection
intensity at the outermost surface within the layer H2, based

on Equation (10) above, and correct the brightness of the layer
H2 to B,.

By = '(H_lbm = byyreH1HI (11)
Iy

Similarly, the arithmetic portion 275 repeats the processing
of Steps S32 and S33 for the layer H2 and the layer H3. That
1s, the arithmetic portion 275 repeats the process (Step S32) of
determining the transmission coetlicient of the layer H2, and
the process (Step S33) of correcting the reflection intensity of
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the layer H3. Thus, the reflection intensity 1s corrected for the
second and further layers. In addition, the brightness B,,, of
the first layer H1 1s corrected to B,,,=b,,, using the brightness
b, at the outermost surface of the layer H1 based on the
above description.

The transmission coellicient used for the correction pro-
cess of Step S33 may not necessarily be determined by cal-
culation. For example, 1t 1s also possible to record the value of
the transmission coellicient layer by layer 1n the recording
portion 27¢ beforehand, and perform the correction process
using these values.

The thickness of each of the layers may not necessarily be
the characteristic thickness of the measured object. For
example, although the thickness of the enamel 1s about 0.5 to
2 mm, this may be divided 1nto 5 to 20 layers each having a
thickness of 0.1 mm. In this case, unlike the actual enamel,
artifacts that change gradually occur 1n the brightness of each
layer, and this may be smoothed by first-order linear or sec-
ond-order parabolic smoothing.

Example of Image Display

Next, an example of the processing performed 1n the case
where the arithmetic portion 275 displays an 1mage of the
measured object 22 generated based on the data detected at
the photodetector 41 will be described. FIG. 5 1s a tlowchart
showing an example of the processing in which the arithmetic
portion 275 displays an image of the measured object 22. As
shown 1n FIG. 5, the arithmetic portion 275 obtains three-
dimensional data representing the shape of the measured
object 22 from the recording portion 27¢ (Step S41). The
three-dimensional data may be represented, for example, by
the values representing the reflection intensity on the respec-
tive coordinates.

The arithmetic portion 275 extracts curved surfaces where
the reflection intensity has changed suddenly from the
obtained three-dimensional data (Step S42). The arithmetic
portion 275 connects the extracted curved surfaces to form a
closed surface (Step S43). I a closed surface cannot be
formed (NO 1n Step S44), then the arithmetic portion 275
supplements a closed surface with reference to the dental
shape data recorded previously 1n the recording portion 27¢
(Step S45). The dental shape data may be a collection of
dental shape rules and a dental shape library, for example.
FIG. 6 shows an example of the data structure of a collection
of dental shape rules. In the example shown 1n FIG. 6, the data
sets representing the area, the thickness, the shape and the
reflectance (relative value) are recorded for each of the
enamel layer, the dentine layer, the cementum layer and the
alveolar bone.

FIG. 7 shows an example of the shapes represented by the
data contained 1n a dental shape library. In FIG. 7, the shapes
represented by the data sets of the enamel layer, the dentine
layer, the cementum layer and the alveolar bone, respectively,
are shown.

For example, the arithmetic portion 275 can extract a tomo-
graphic 1image of a certain closed surface from three-dimen-
sional data representing an image of the measured object 22,
calculate the cross-correlation between this tomographic
image and the shape represented by the data contained 1n the
library, and determine which area of the tooth corresponds to
the closed surface based on whether the cross-correlation
reaches a certain level. For example, the above-described
cross-correlation may be an integration containing the prod-
uct of a function wherein the average value of both shape data
sets 15 Zero.

The dental shapes represented by the dental shape data are
not limited to the examples shown i FIGS. 6 and 7. For
example, 1t 1s also possible to record the dental shape data
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representing the shape of a prosthetic appliance, a lesion, a
filling, etc. 1n the recording portion 27c¢.

The arithmetic portion 275 judges whether there 1s a match
between the position, arrangement, shape, dimensions, etc. of
the closed surface formed and the collection of the dental
shape rules, and the dental shape library (Step S46). Thus, the
area that matches the closed surface formed 1s extracted. As a
result, a certain closed surface may be determined to be an
upper part of the gum of the enamel layer, for example. The
arithmetic portion 275 can determine which area of the tooth
matches the closed surface by carrying out pattern matching,
between the dental shape data and the closed surface. In the
case where the data representing the shape of a prosthetic
appliance, a lesion, a filling, etc. 1s contained 1n the dental
shape data, the closed surface representing the area represent-

ing the lesion, the prosthetic appliance, or the filling can be
extracted in the same manner.

If the closed surface does not match any area (NO 1n Step
S546), then the arithmetic portion 275 forms a closed surface
again (Step S43). It the area of the closed surface 1s deter-
mined (YES 1n Step S46), then the arithmetic portion 275
tudges whether the closed surface has been extracted for all
the areas 1n the measured object 22 (Step S47).

It the closed surface has been extracted for all the areas
(YES 1n Step S47), then the arithmetic portion 275 outputs
cach of the areas to the display portion 27a 1n such a manner
that 1t can be distinguished visually from other areas (Step
S48). For example, the areas of the image of the measured
object 22 can be segmented for display. Such segmentation
can be performed, for example, by displaying each of the
areas 1n a different color. Besides the segmentation, it 1s also
possible to highlight or extract only a specific area for display.
Such segmentation, highlighting or extraction for displaying
the measured object 22 makes 1t easy for an operator looking,
at the displayed 1mage to carry out a diagnosis.

Example of the Structure of the Probe Unit 200

Next, the structure of the probe unit 200 will be described.
FIG. 8 A 1s a cross-sectional view showing the internal struc-
ture of the probe unit 200 shown in FIG. 1. The probe unit 200
includes lenses 21a and 215, lens holders 210a and 2105,
galvano mirrors 20q and 205, galvano mirror driving motors
43a and 435 that are provided inside a housing 47, as well as
a mouthpiece 73 and a mouthpiece holder 73a that are pro-
vided outside the housing 47.

The lens holders 210a and 2015 fix the lenses 21a and 215
to the housing 47 inside the probe unit 200. The galvano
mirror driving motor 43a rotates the galvano mirror 20a about
the y-axis direction, and the galvano mirror driving motor 435
rotates the galvano mirror 205 about a direction parallel to the
x-y plane. The galvano mirror driving motor 435 1s fixed to
the housing 47 with a spacer 45, and the galvano mirror
driving motor 43a 1s fixed to the housing 47 with another
spacer (not shown).

The operations of the galvano mirror driving motors 43a
and 435 may be controlled, for example, by a signal from the
calculating machine 27 shown 1n FIG. 1. For example, the
calculating machine 27 can operate the galvano mirror driv-
ing motors 43a and 435 so that galvano mirrors 20a and 2056
rotate within a predetermined angle range.

In addition, the probe unit 200 1s connected to the OCT umit
100 with the optical fiber 18. The measuring light 28 entering
the probe unit 200 via the optical fiber 18 passes through the
lens 21a, 1s retlected at the galvano mirrors 20a and 205,
passes through the lens 215, and 1s focused on the measured
object 22. The reflected component of the measuring light 28
reflected at the measured object 22 passes through the lens
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2156 again, 1s reflected at the galvano mirrors 206 and 20a,
passes through the lens 214, and 1s guided to the optical fiber
18.

The calculating machine 27 can perform scanning in the
y-axis direction on the measured object 22 for the measuring
light 28 reflected at the galvano mirror 205 and traveling onto
the measured object 22, for example, by stopping the galvano
mirror 20a and rotating the galvano mirror 205 about a direc-
tion parallel to the z-y plane by a fixed angle. Alternatively,
the calculating machine 27 can perform scanning 1n the x-axis
direction of the measured object 22 for the measuring light 28
reflected at the galvano mirror 204, thereatter reflected at the
galvano mirror 205 and traveling onto the measured object
22, for example, by stopping the galvano mirror 206 and
rotating the galvano mirror 20a about the y-axis direction by
a fixed angle.

In this embodiment, the probe unit 200 and the OCT unit
100, which includes an interferometer such as the fiber cou-
pler 19, are connected with a single optical fiber 18. Accord-
ingly, the probe umit 200 can move flexibly 1n accordance with
the position and the shape of the measured object 22. Further-
more, the probe unit 200 contains a means for scanning in the
x-axis direction and the y-axis direction. Accordingly, 1t 1s
possible to obtain three-dimensional information, including
the depth direction (z-axis direction), of the measured object
22. Of the three-dimensional information, information of one
dimension 1s obtained by electric/optical scanning of the light
source wavelength, and information of the remaining two
dimensions 1s obtained by mechanical scanning with the
probe unit 200. This makes 1t possible to perform measure-
ment free from the constraint of the position of the OCT unit
100, and also to obtain the three-dimensional information of

the measured object. This provides an exceptional advantage
in the field of dentistry.

In addition to the method 1n which the galvano mirrors 20a
and 205 are driven, amethod using a cylindrical lens, methods
in which a lens, an optical fiber or the measured object 22 1s
driven, a method 1n which the operator moves the probe unit
200, or the like, which will be described later, can be used as
the method for scanning in the y-axis direction and in the
x-axis direction. In addition, the method 1n which the galvano
mirrors 20a and 205 are driven 1s not limited to cases using the
galvano mirror driving motors 43a and 435 described above.

Hereinafter, the method 1n which a lens 1s driven will be
described as a modification of the method for scanning in the
y-axis direction.

FIG. 9 15 a conceptual diagram for illustrating an example
ol the method 1n which a lens 1s driven. A linear actuator 31 1s
connected to one end of the lens 30, and the other end of the
lens 30 1s fixed to the apparatus. The lens 30 1s driven by the
linear actuator 31 1n the z direction, thereby causing a circu-
lar-arc reciprocating motion around a rotation shaft 32. As a
result of the circular-arc reciprocating motion of the lens 30,
the optical axis of the lens 30 moves within the z-y plane, and
thereby the measured object 1s scanned 1n the vy direction.

In order to obtain a three-dimensional structure of the
measured object 22, 1t 1s necessary to perform scanning in the
x-axi1s direction, 1n addition to scanming 1n the z-axis direction
by the wavelength sweeping of the light source 15 and
mechanical scanning in the y-axis direction. The scanning in
the x-axis direction can be performed by driving the galvano
mirror 20 also 1n the x-axis direction as 1n the scanning 1n the
y-axis direction. Methods that are similar to the examples of
the methods for scanning in the y-axis direction also can be
used for the scanning 1n the x-axis direction. The scanning in
the y-axis and the x-axis direction can be performed by com-
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bining any suitable ones of the above-described examples of
the methods for scanning in the y-axis direction.

In addition, a configuration in which the probe umt 200 1s
provided with a bi-directional scanming means, as the
example shown 1n FI1G. 8A, 1s applicable not only to FD-OCT
apparatuses, but also to conventional OCT apparatuses.

Example of the Configuration of the Mouthpiece

Next, the mouthpiece 73 and the mouthpiece holder 73a
that are provided outside the probe unit 200 shown 1n FIG. 8A
will be described. FIG. 8B 1s a plane view of the probe umit
200, as viewed from the x-axis direction. As shown in FIGS.
8A and B, the mouthpiece holder 734 1s fixed to the housing
4’7 of the probe unit 200. The mouthpiece 73 1s provided at the
t1p of the mouthpiece holder 73a. The plane of the mouthpiece
73 viewed from the x-axis direction, for example, 1s horse-
shoe-shaped, matching the shape of the dentition of a human
being. That 1s, the mouthpiece 73 has a curved shape adapted
to match the shape of the dentition. In addition, the mouth-
piece preferably 1s formed using an impression (mold) of the
dentition of a specific patient.

In the case where the measured object 22 1s a tooth of a
living body, the relative position between the tooth, which 1s
the measured object 22, of a measured person and the probe
unit 200 1s fixed by the measured person biting on the mouth-
piece 73 so that his/her dentition follows the shape of the
mouthpiece 73. In a state where the three-dimensional posi-
tional relationship between the probe unit 200 and the tooth of
the measured person 1s fixed 1n this way, the measuring light
28 1sradiated from the probe unit 200 to the tooth, which 1s the
measured object 22. Thus, the measured object 22 15 posi-
tioned with respect to the measuring light 28 accurately.

Accordingly, the irradiation position of the measuring light
28 tlexibly can be changed 1n accordance with the shape of the
measured object 22 by moving the probe unit 200, and the
relative position between the probe unit 200 and the measured
object 22 can be fixed by the measured person biting on the
mouthpiece 73 with his/her teeth, which 1s the measured
object 22.

It 1s also preferable that the mouthpiece 73 1s formed of an
clastic material. Then, when the mouthpiece 73 1s bitten with
the teeth, the teeth bite into the mouthpiece 73, so that the
relative position between the teeth, which 1s the measured
object 22, of the measured person and the probe unit 200 1s
fixed 1n a stable manner.

It should be noted that the configuration of the mouthpiece
73 and the mouthpiece holder 73a 1s not limited to the shape
shown 1n FIGS. 8A and 8B. FIG. 10 shows another example
ol the configuration of the mouthpiece 73 and the mouthpiece
holder 73a. In the example shown 1n FIG. 10, the area of
contact between a mouthpiece 74 and a mouthpiece holder
74a differs from that 1n the example shown 1n FIG. 8B. The
mouthpiece 73 shown 1n FIG. 8B 1s configured such that the
apex of the curved portion 1s fixed to the mouthpiece holder
73a, and that the measured object 22 1s the anterior teeth
region. In FIG. 10, the mouthpiece 74 1s configured such that
the lateral side of the curved portion of the mouthpiece 74 1s
fixed to the mouthpiece holder 74a, and that the measured
object 22 1s a canine, the molar region or the like.

Besides the mouthpiece, a splint and a splint holder can be
used as means for fixing the probe unit 200 and the measured
object 22 together. FIG. 11A 1s a cross-sectional view of the
probe unit 20 in the case of using a splint nstead of the
mouthpiece. FIG. 11B 1s a plane view of the probe umit 200 in
FIG. 11A, as viewed from the x-axis direction.

A splintholder 754 1s fixed to the housing 47 1n the example
shown in FIGS. 11A and 11B. A splint core 7556 1s provided at
the tip of the splint holder 75a. An adhesive member 75¢ 1s
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provided between the splint core 756 and the tooth. It 1s
preferable that the adhesive member 75¢ 1s shaped to match
the shape of the tooth. As the adhesive member 75¢, a com-
mercially available self-curing resin can be used, for
example. It should be noted that the adhesive member 75¢ 1s
not a component of the probe unit 200.

Thus, 1t 1s possible to stabilize the position and the orien-
tation of the probe unit 200 with respect to the dentition by
shaping the adhesive member 75¢ to match the shape of the
dentition including the measured object 22. Moreover, the
probe unit 200 can be arranged 1n the same position and the
same orientation as a previous measurement relative to the
measured object 22 by moving the probe unit 200 away from
the measured object 22 once and bringing it close to the
measured object 22 again to fit the adhesive member 75¢
against the dentition including the measured object 22.

For example, 1n such a case where a patient, who has
already been measured, revisits the clinic, the orientation and
the position of the probe unit 200 relative to the measured
object 22 1n the previous measurement can be reproduced. In
remeasurement and clinical observation, it 1s possible to per-
form measurement with reproducibility, relative to the past
measurement. That 1s, 1n the case of carrying out diagnosis of
the change 1n a treated area, for example, 1n measurements
betore and after the treatment, namely, one week, one month
and one year after the completion of the treatment, it 1s pos-
sible to perform measurement with the same position and the
same orientation. This 1s effective not only for knowing the
occurrence of a disease after the treatment, but also for pro-
viding evidence for objectively proving the absence (or pres-
ence) of mistreatment. In addition, the mouthpiece also may
be shaped to match the shape of the dentition.

For example, 11 the measured object 22 1s a tooth in an
occlusal condition, as shown in FIG. 8A, the position of the
probe unit 200 and the measured object 22 cannot be fixed by
the measured person biting on the mouthpiece 73. In such a
case, for example, the splint holder 75a and the splint core
75b as shown 1n FIG. 11 can be used as a {ixing means.

The mouthpiece holder 734 and the splint holder 75a may
be configured such that they are removable from the probe
umt 200 and interchangeable. Further, by configuring the
mouthpiece holder 73a and the splint holder 75a to be remov-
able, 1t 1s possible to remove the mouthpiece holder 73a and
the splint holder 75a for sterilization treatment. Further, the
mouthpiece holder 73a and the splint holder 75a¢ may be
removable and disposable. A disposable cover may be
attached on the mouthpiece when in use.

Example of a Mouthpiece Including a Cheek Retractor

The mouthpiece or the splint may be provided with a cheek
retractor for preventing an obstruction such as lips from being
positioned between the exit port of the measuring light 28 of
the probe unmit 200 and the measured object 22. FIG. 12A 1s a
cross-sectional view in the y-z plane of the mouthpiece 73 and
the mouthpiece holder 73a, with which a cheek retractor 76 1s
provided. FIG. 12B 1s a diagram showing a cross section of
the mouthpiece holder 73a and the cheek retractor 76 shown
in F1G. 12A, taken along the line B-B. As shown in FIGS. 12A
and 12B, the cheek retractor 76 1s a ring centered on mouth-
piece holder 73a. The cheek retractor 76 1s {ixed to the mouth-
piece holder 73a with a connecting portion 76a that connects
the inner side of the ring to the mouthpiece holder 73a.

With the configuration shown 1 FIG. 12, for example,
when the measured person with the tooth that 1s the measured
object 22 bites on the mouthpiece 73, the lips of the measured
person stop at the outer side of the ring of the cheek retractor
76 1n this state, and do not enter the inner side of the ring of the
cheek retractor 76. In other words, the mouth of the measured
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person will be forced open by the cheek retractor 76. Accord-
ingly, it 1s possible to prevent the lips of the measured person
from entering the optical path of the measuring light 28 that 1s
located at the inner side of the ring. In FIG. 12B, a dotted
circle 28a denotes a cross section of the measuring light 28
traveling in the z direction.

In addition, the configuration in which the probe unit 200 1s
provided with the fixing means such as a mouthpiece and a
splint 1s applicable not only to FD-OCT apparatuses as 1n the
above-described example, but also to conventional OCT
apparatuses.

Modification of the Mouthpiece

FIG. 13 1s a cross-sectional view showing a modification of
the mouthpiece. A mouthpiece 78 shown 1n FIG. 13 1s formed
in a tubular shape so that it has a cavity inside. The mouth-
piece 78 1s fixed to the housing 47 of the probe unit 200 so that
the measuring light 28 from the probe unit 200 can be radiated
to the cavity mside the mouthpiece 78. A hole 78a for allow-
ing passage of the measuring light 28 1s formed 1n a side
surface of the mouthpiece 78. In addition, an objective mirror
82¢ for guiding the measuring light 28 to the hole 78a 1s
provided 1nside the mouthpiece 78.

For example, 1n the case where the measured object 22 1s a
tooth, the relative position between the measured object 22
and the probe unit 200 can be fixed by the measured person
biting on the mouthpiece 78 so that the hole 78a 1s covered
with the tooth that 1s the measured object 22.

Further, the measuring light 28 emitted from the probe unit
200 1s reflected at the objective mirror 82¢, and radiated from
the hole 78a to the measured object 22 located outside the
mouthpiece 78. The reflected component of the measuring
light 28 reflected at the measured object 22 enters the cavity
in the mouthpiece 78 from the hole 78q, and retlected at the
objective mirror 82¢ so that 1t 1s directed into the probe unit
200.

The mouthpiece 73 shown in FIG. 8 1s suitable for radiating,
the measuring light 28 to the labial surface of a tooth or a gum,
whereas the mouthpiece 78 shown in FIG. 13 1s suitable for
radiating the measuring light 28 to the occlusal surface of a
tooth or a gum.

Modification of the Probe Unit

FI1G. 14 1s a cross-sectional view showing a modification of
the probe unit according to this embodiment. A probe unit 203
shown 1n FI1G. 14 further includes a guide 48 protruding from
the housing 47. A light 1rradiation portion 484 having a win-
dow for allowing entrance and exit of the measuring light 28
1s provided at the tip of the guide 48. The window for allowing
entrance and exit of the measuring light 28 1s provided on a
surface of the light irradiation portion 48a on the probe unit
203 side. The guide 48 and the light irradiation portion 48a
include an mtermediate mirror 81a and an objective mirror
82a, respectively, for changing the traveling direction of the
measuring light 28.

The measuring light 28 emitted from the housing 47
through the lens 215 1s reflected at the intermediate mirror
81a and the objective mirror 82a, thus changes its traveling
direction by 180 degrees, and exits from the window of the
light 1irradiation portion 48a. With the configuration of the
probe unit 203 shown 1n FIG. 14, it 1s possible to perform
measurement, for example, for a measured object 22 that 1s
located at an intricate position such as the lingual surface of a
tooth.

In addition, a mouthpiece 77 and a mouthpiece holder 77a
are provided on the upper surface and the lower surface of the
guide 48, respectively, and they can be bitten by a measured
person with a tooth that 1s the measured object 22, so that the
guide 48 1s sandwiched between the upper and lower teeth.
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Thus, the relative position between the probe unit 203 and the
tooth, which 1s the measured object 22, 1s fixed.

Other Modifications of the Mouthpiece

It 1s also possible to adopt a configuration 1n which the
probe unit s fixed to the mouthpiece 73 or the splint core 755,
and can move along a guide formed to follow the dentition.
For example, it 1s also preferable to adopt a structure 1n which
the mouthpiece holder 73a and the probe unit 200 slide fol-
lowing the shape of the mouthpiece 73 in FIG. 8B.

FIG. 15A 15 a diagram showing an example of the structure
in which the mouthpiece holder 73a and the probe unit 200
slide following the shape of the mouthpiece 73. FIG. 15B1s a
cross-sectional view 1n the x-y plane of the mouthpiece holder
73a and mouthpiece 73 shown in FIG. 15A.

A guide groove 73c¢ 1s formed 1n the mouthpiece 73 shown
in FIGS. 15A and 15B. The guide groove 73¢ 1s formed 1n a
U-shape so that 1t follows the dentition of the teeth biting on
the mouthpiece 73. The mouthpiece holder 734 1s fixed to the
probe unit 200. The tip of the mouthpiece holder 73a 1s
divided 1nto an upper section and a lower section, and has a
shape that can sandwich the mouthpiece 73 between the
upper section and the lower section. A claw 735 1s provided at
cach of the upper and lower sections of the tip of the mouth-
piece holder 73a. The claw 735 1s dimensioned so that 1t can
fit 1to the guide groove 73¢ of the mouthpiece 73. Accord-

ingly, the mouthpiece 73 can be fixed to the mouthpiece
holder 73a with the claw 735.

The mouthpiece holder 734 1s configured such that a cavity
73d 1s formed therein when the mouthpiece 73 1s sandwiched
at1ts tip. When force 1s applied to the cavity 73d portion of the
mouthpiece holder 73a from the upper and lower sides, the
force being exerted by the claw 735 to sandwich the mouth-
piece 73 1s reduced. For example, fixation of the mouthpiece
holder 73a to the mouthpiece 73 1s eased by an operator
pushing the cavity 73d portion of the mouthpiece 73 with
his/her finger. Once the fixation has been eased, the operator
can move the mouthpiece holder 73a along the guide groove
73c. The claw 7356 fits 1nto the guide groove 73¢ deeply when
the operator releases his/her finger, so that the mouthpiece 73
1s fixed to the mouthpiece holder 73a.

With the above-described configuration, the mouthpiece
holder 73a and the probe unit 200 can slide along the guide
groove 73¢ of the mouthpiece 73. As a result, 1t 1s possible to
perform measurement for a plurality of teeth in the dentition
that bites on the mouthpiece 73.

As shown 1n FIG. 16, the mouthpiece holder 73a also may
be shaped so that 1t 1s bent at a right angle. In this case,
although not shown, 1t 1s preferable to provide a guide 48
having a mirror 81a as shown 1n FIG. 14 in the probe unit 200.
Thus, the optical axis of the measuring light emitted from the
probe unit 200 can be bent by 90 degrees. Consequently, 1t 1s
also possible to msert the probe unit 200 from an opening of
the oral cavity, and radiate the measuring light onto the molar
area at a slant angle.

Example Using a Spacer as the Fixing Member

Besides the mouthpiece or the splint, 1t 1s possible, for
example, to use a spacer as the fixing member for fixing the
probe unit 200 to the measured object. FIG. 17A 1s a cross-
sectional view of the probe unit 200 in the case of using a
spacer as the fixing member. In the example shown 1n FIG.
17A, a spacer 211 1s fixed to the probe unit 200. A surface to
be brought into contact with the measured object 22 1s formed
at the tip of the spacer 211. The length of the spacer 211 1s
determined 1n accordance with the focal length of the lens
21b. That 1s, the length of the spacer 211 1s determined so that
the focal point of the measuring light 28 focused by the lens
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21b 1s located on the surface or the mside of the measured
object 22 when the spacer 211 1s 1n contact with the measured
object 22.

If the above-described mouthpiece 1s used as the fixing
member, fixation 1s achieved 1n a state 1n which the mouth-
piece 1s bitten with the upper and lower teeth, which 1s the
measured object 22, so that stable fixation can be achieved.
However, once fixation has been achieved, 1t will be trouble-
some to change the measuring position of the probe unit 200.
On the other hand, in the case of using the spacer 211 as the
fixing member, the position of the probe umt 200 1s fixed with
the spacer 211 1n contact with the measured object 22, which
makes 1t easy to change the measuring position of the probe
unit 200. That 1s, the operator can manipulate the measuring,
position of the probe unit 200 freely, and can fix the measur-
ing position during measurement.

FIG. 17B 1s a cross-sectional view showing a modification
of the probe unit including the spacer. The probe unit 203
shown 1n FIG. 17B 1s the same as the probe unit 203 shown 1n
FIG. 14. The probe unit 203 shown in FIG. 17B 1s provided
with the spacer 211 1nstead of the mouthpiece holder 77a and
the mouthpiece 77. By bringing the measured object 22 1nto
contact with a part of the spacer 211, the position and orien-
tation of the probe unit 203 relative to the measured object 22
can be fixed.

FIGS. 18 A and 18B are diagrams showing modifications of

the probe unit including the spacer. A probe unit 206 shown in
FIG. 18A includes lenses 21a and 215 for guiding the mea-
suring light from the optical fiber 18 to the measured object
22. In addition, the probe unit 206 1s provided with a window
2064 for emitting the measuring light 28. The spacer 211 1s
fixed to the side of the probe unit 206 on which the window
2064 1s provided.
In the probe unit 206 shown in FIG. 18A, the measuring
light 28 emitted from the fiber 18 i1s collimated by the lens
21a, focused by the lens 215, and guided to the measured
object 22. The length of the spacer 211 in the direction of the
optical axis of the measuring light 28 1s determined 1n accor-
dance with the focal length of the lens 215. That 1s, the length
of the spacer 211 1s determined so that the focal point of the
lens 215 1s located inside the measured object 22 when the
spacer 211 1s 1n contact with the measured object 22.

The probe unit 206 shown in FIG. 18A does not include a
means for scanning the measuring light in the x-axis direction
or the y-axis direction. The operator can perform scanning by
moving the probe unit 206 1n the x-axis direction or y-axis
direction while holding it 1n his/her hand. In this case, by
moving the probe unit 206 with the spacer 211 1n contact with
the measured object 22, the operator can perform scanning,
while a constant distance 1s maintained between the measured
object 22 and the probe unit 206. This makes 1t possible to
perform measurement with high resolution and a high degree
of reach (the maximum depth at which the measuring light
can be caused to reach and the reflected light can be captured)
with a type of the probe unit that 1s placed over the measured
object 22 freely by the operator in a hand-held manner.

A probe unit 207 shown 1n FIG. 18B includes a mirror 83
that changes the direction of the optical axes of the lenses 214
and 215 and the measuring light 28 by 90 degrees. The probe
unit 207 1s provided with a window 207a for emitting mea-
suring light 28 whose optical axis has been altered by the
mirror 83. The spacer 211 1s fixed to the surface of the probe
unit 207 on which the window 2074 1s formed.

In the probe unit 207 shown 1 FIG. 18B, the measuring
light 28 emitted from the fiber 18 1s collimated with the lens
214, and 1s reflected at the mirror 83. Thereafter, the measur-
ing light 28 i1s focused by the lens 215, and guided to the
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measured object 22. The length of the spacer 211 1s deter-
mined so that the focal point of the lens 215 1s located inside
the measured object 22 when the spacer 211 1s 1n contact with
the measured object 22.

Example of a Probe Unit Including a Rotating Member

FIG. 19 1s a cross-sectional view 1n the x-y plane, showing,
another modification of the probe unit according to this
embodiment. A housing 471 of a probe unit 204 shown 1n
FIG. 19 1s formed into a cylindrical shape having a circular
cross section in the y-z plane. A rotating member 131 1is
attached to the probe umt 204.

The rotating member 131 also has a cylindrical shape hav-
ing a circular cross section 1n the y-z plane. The tip portion of
the rotating member 131 1s covered by a dome-like shape. A
cylindrical rotating member holder 154 1s provided along the
inner diameter of the rotating member 131 at the end on the
housing side. A portion of the rotating member holder 154
protrudes from the inner side of the rotating member 131, and
a bearing 153 1s provided between this protruding portion and
the housing 471. Thus, the rotating member 131 can rotate
about the direction of the center axis of the cylindrical shape
as 1ts rotation axis.

A motor rotor 151 1s provided along the outer diameter of
the housing side end of the rotating member 131. A motor
stator 152 1s embedded 1n a portion of the housing 471 that
corresponds to the motor rotor 151 along the internal diam-
cter of the housing 471. The motor rotor 151 and the motor
stator 152 serve as the driving portion that rotates the rotating,
member 131.

The optical fiber 18 held by an optical fiber holding portion
4'71a of the housing 471 1s guided to the mside of the rotating
member 131 in the direction of the rotation axis of the rotating
member. A lens 21¢ that collimates the measuring light 28
emitted from the optical fiber 18 1nto parallel light 1s provided
at the tip of the optical fiber 18. The lens 21c¢ 1s fixed to the
inside of the rotating member 131 by a lens holder 210c.

Further, an objective mirror 825 1s provided inside of the
rotating member 131. The objective mirror 82 changes the
direction of the optical path of the measuring light 28 emitted
from the optical fiber 18 from the direction of the rotation axis
of the rotating member 131 to a direction forming a fixed
angle with the rotation axis.

An 1rradiation port 131a for radiating the measuring light
28 whose optical path direction has been changed by the
objective mirror 825 from the 1nside of the rotating member
131 to the outside thereotf 1s formed on a side surface of the

rotating member 131. A lens 21d 1s provided at the 1irradiation
port 131a.

With the above-described configuration, the measuring
light 28 emitted from the optical fiber 18 and traveling in the
direction of the rotation axis of the rotating member 131 1s
reflected at the objective mirror 825, and changes its traveling
direction to a direction forming a fixed angle with the direc-
tion of the rotation axis. The measuring light 28 that has
changed 1ts traveling direction emits the rotating member 131
through the lens 21d at the irradiation port 131a, and 1s
focused on the measured object 22.

Further, the reflected component of the measuring light 28
reflected at the measured object 22 enters 1nto the rotating
member 131 from the 1rradiation port 131a through the lens
21d. The reflected component of the measuring light 28 that
has entered the rotating member 131 from the 1rradiation port
131a 1s reflected at the objective mirror 825, and changes 1ts
traveling direction to the direction of the rotation axis of the
rotating member 131. The reflected component of the mea-
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suring light 28 that changed the traveling direction 1s focused
by the lens 21¢, enters the optical fiber 18, and 1s guided to the
OCT unit 100.

When the rotating member 131 1s rotated by the motor rotor
151 and the motor stator 152, the measuring light 28 radiated
from the 1rradiation port 131a moves according to the direc-
tion of that rotation. As a result, the measuring light 28 1s
scanned 1n the y-axis direction of the measured object 22.

Here, an actuator that rotates the objective mirror 825 about
the y-axis direction as the rotation axis may be provided in the
rotation member 131, for example. Rotating the objective
mirror 826 makes 1t possible to change the angle between the
optical axis of the measuring light 28 traveling from the
objective mirror 825 to the measured object 22 and the rota-
tion axis of the rotating member 131. By rotating the objective
mirror 826 about the y-axis direction as the rotation axis by
the above-described actuator, the measuring light 28 can be
scanned 1n the x-axis direction 1n the measured object 22.

It should be noted that the means for scanning 1n the x-axis
direction 1s not limited to the above-described method. For
example, the rotating member 131 may include an actuator
that translates the objective mirror 826 or the lens 21¢ 1n the
direction of the rotation axis of the rotating member 131.

With the probe unit 204 shown 1 FIG. 19, even if the
measured object 22 1s located 1n a narrow area such as tissue
in the stomatognathic region, the measured object 22 can be
measured using the rotating member 131.

Modification of the Rotating Member

FI1G. 20 1s a cross-sectional view showing a modification of
the rotating member. A rotating member 132 shown 1n FIG.
20 1s formed of a flexible maternal. Accordingly, the rotation
shaft of the rotating member 132 can be bent so that the
direction of iwrradiation of the measuring light 28 can be
adjusted. Further, it 1s preferable that the length of the rotating
member 132 1n the direction of the rotation axis 1s longer than
that of the rotating member 131 shown 1n FIG. 19.

A cylindrical sleeve 161 covering the outer periphery of the
rotating member 132 1s provided near the irradiation port
132a of the rotating member 132. A bearing 162 1s provided
between the sleeve 161 and the rotating member 132. Thus,
even 1 the rotating member 132 rotates, that rotation will not
be transmitted to the sleeve 161. Accordingly, fixing the
sleeve 161 allows the rotating member 132 to rotate with 1ts
bending state and position maintained. As a result, it 1s pos-
sible to measure the measured object 22 1n a state 1n which the
relative position between the rotating member 132 and the
measured object 22 1s fixed.

For example, the measured object 22 can be measured 1n a
state 1n which the operator holds the rotating member 132 1n
a suitable position while holding the sleeve 161 1n his/her
hand. Further, the measured object 22 can be measured in a
state 1n which the sleeve 161 1s fixed to the tip of a multi-
articulated arm fixed to a stationary stage or pole, or a treat-
ment table.

With the rotating member 132 shown in FIG. 20, it 1s
possible to change the direction and the position of radiating
the measuring light 28 flexibly 1n accordance with an area to
be measured of the measured object 22, and fix the relative
position between the rotating member 132 and the measured
object 22 during measurement. Accordingly, the probe unit
205 1including the rotating member 132 according to the
present modification may be utilized effectively 1n the case
where the measured object 22 1s an object having a complex
shape, such as tissue 1n the stomatognathic region.

Modification of the Sleeve

FI1G. 21 15 a cross-sectional view showing a modification of
the sleeve. A sleeve 163 shown 1n FIG. 21 1s provided at the
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outer periphery of the rotating member 132 so that the 1rra-
diation port 132a and the tip of the rotating member 132 are
enclosed entirely. The sleeve 163 15 a cylinder covering the
outer periphery of the rotating member 132, and 1ts tip 1s
closed 1n a dome-like shape. A bearing 162 1s provided
between the sleeve 163 and the rotating member 132. Accord-
ingly, even 11 the rotating member 132 rotates, the sleeve 163
will not rotate 1n conjunction with this rotation.

Further, two windows 163a and 1635 for allowing passage
of the measuring light 28 are formed 1n positions opposing
cach other 1n an area of the sleeve 163 that corresponds to the
irradiation port 132a of the rotating member 132 on a side
surface of the sleeve 163. By bringing the measured object 22
into contact with the sleeve 163 so that 1t covers the window
163a or the window 1635, the relative positional relationship

between the measured object 22 and the rotating member 132
1s fixed.

For example, 1n the case where the measured object 22 1s a
tooth or a jaw bank (a gum area 1n a state 1n which the teeth
have been taken out) in the oral cavity of a measured person,
the relative position between the rotating member 132 and the
measured object 22 can be fixed by the measured person
biting on the sleeve 163 with the upper and lower dentitions or
the jaw banks so that the windows 163aq and 1635 are covered
therewith. At that time, the rotating member 132 can rotate in
a state in which the relative position with the measured object
22 1s fixed, so that the measuring light 28 can be scanned 1n
the v direction 1n a stabilized manner.

It should be noted that the sleeve 163 may be formed so that
the entire rotating member 132 1s covered therewith. In that
case, 1t 1s preferable that the bottom of the sleeve 163 1s fixed
to the housing 471. In that case, 1t 1s also preferable that the
sleeve 163 1s formed of a flexible material as with the rotating
member 132.

In addition, although the rotating members 131 and 132
and the sleeves 161 and 163 described above were described
as being cylindrical in the illustrated examples, their shape 1s
not limited to a cylindrical shape. For example, they may have
a prism shape.

In this embodiment, the probe units 200, 203, 204 and 205
are connected to the OCT unit 100 via the flexible optical fiber
18, and thus has a hands-free configuration. In place of this
configuration, 1t 1s possible to adopt a configuration 1n which
the probe unit 200 1s fixed to a stationary table or pole, or a
treatment table, for example. In this case, the relative position
between the probe unit 200 and the tooth, which 1s the mea-
sured object 22, 1s fixed by the measured person (patient)
biting on the mouthpiece 73 of the fixed probe unit 200.
Further, 1n this case, the measuring light 28 may not neces-
sarily be guided between the OCT unit 100 and the probe unit
200 with the optical fiber 18, and may be guided in the air.
That 1s, a beam splitter may be used instead of the fiber
coupler 19, as will be described later in Embodiment 2. In this
case, 1t 1s preferable to use a cylindrical lens to omit the
mechanical manipulations 1 the X-axis direction or the
Y-axis direction.

Further, the probe unit 200 may be fixed to the tip of a
multi-articulated arm fixed to a stationary table or pole, or a
treatment table. In this case, the measuring light 1s guided
between the OCT unit 100 and the probe unit 200 with the
optical fiber 18.

Embodiment 2

FIG. 22 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 2.
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In FIG. 22, the same parts as the FD-OCT apparatus shown in
FIG. 1 are denoted by the same reference numerals, and their
description shall be omitted.

The FD-OCT apparatus shown 1n FIG. 22 differs from the
FD-OCT apparatus shown 1n FIG. 1 1n that a cylindrical lens
33 1s provided, that a beam splitter 34 1s used 1n place of the
fiber coupler 19, that the galvano mirror that performs scan-
ning in the y-axis direction 1s not provided, and that the
photodetector 42 1s a two-dimensional photodetector.

Whereas Embodiment 1 uses the method in which the
galvano mirror 205 1s driven 1s used as the method for scan-
ning in the y-axis direction, this embodiment employs light
expansion 1n the y-axis direction using a cylindrical lens 33 1n
place of the scanning of the y-axis direction using the galvano
mirror 20b.

The cylindrical lens 33 1s an ordinary lens with respect to
its cross section 1n a plane including the optical axis and a
direction 1n which the cylindrical lens 33 functions as a lens,
and the shape ol this cross section 1s the same regardless of the
position of the cylindrical lens 33 1n a direction in which 1t
does not function as alens. The cylindrical lens 33 1s arranged
so that the direction 1n which 1t functions as a lens 1s the y
direction. That 1s, the light that has been expanded 1n the y
direction by the cylindrical lens 33 is radiated so that 1t 1s
distributed 1n the y direction of the measured object 22 (the y
direction on the cylindrical lens 33 and the y direction of the
measured object 22 are optically identical directions, and may
not necessarily be spatially identical directions). The cylin-
drical lens 33 serves as a means for expanding the light in the
y direction. The cross section of the measuring light has a
linear shape along the y-axis direction.

In addition, the function similar to that of the cylindrical
lens 33 also can be realized using a cylindrical mirror.

The measuring light 1s the light that has been spatially
expanded 1n the y-axis direction. Therefore, 1 order to guide
this light with the optical fiber, 1t 1s necessary that the optical
fiber 18 be a bundle of optical fibers bundled so that their cross
sections are arranged on a one-dimensional line, or a bundle
of optical fibers bundled so that their cross sections are
arranged 1n a two-dimensional circle. Although the measur-
ing light 28 and the reference light 29 are guided with the
optical fiber 1n the FD-OCT apparatus shown in FIG. 22, an
optical fiber may not be necessarily used. That 1s, the FD-
OCT apparatus may be configured to allow the measuring
light 28 and the reference light 29 to be propagated spatially
without using an optical fiber.

Since the measuring light 28 1s radiated so that it 1s distrib-
uted 1 the y-axis direction of the measured object 22, the
cross section of the measured object 22 in the y-axis direction
can be obtained with the two-dimensional photodetector 42,
without performing mechanical scanning in the y-axis direc-
tion. Accordingly, the three-dimensional spatial structure of
the measured object 22 can be obtained only by performing
scanning 1n the x-axis direction with the galvano mirror 20a.

As aresult, the apparatus becomes simple and inexpensive,
so that an FD-OCT device applicable to dental measurement
can be obtained. It should be noted that the FD-OCT appara-
tus according to this embodiment 1s preferably used for dental
applications. However, it 1s not limited to dental measure-
ment, but also can be used for measurement for other fields.
Although the FD-OCT apparatus has been described 1n this
embodiment, the apparatus may not necessarily be an FD-
OCT apparatus, but may be a conventional OCT apparatus.

Embodiment 3

FIG. 23 15 a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 3.
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In FIG. 23, the same parts as the FD-OCT apparatus shown in
FIG. 1 are denoted by the same reference numerals, and their
description shall be omitted.

The FD-OCT apparatus shown 1n FIG. 23 differs from the
FD-OCT apparatus shown in FIG. 1 1n that a light-source light
polarization manipulator 35, a reference light polarization
mamipulator 36 and an interference light polarization manipu-
lator 37 are provided.

FIG. 24 A 1s a diagram schematically showing the configu-
ration of the light-source light polarization manipulator 35. In
FIG. 24A, a polarizer 67 1s a member that transmits only a
specific polarization component therethrough, a half-wave
plate board 68 1s a member that shifts the wavelength of the
light passing therethrough by a half wavelengths, and a quar-
ter-wave plate 69 1s a member that shifts the wavelength of the
light passing therethrough by a quarter wavelength. First, the
polarizer 67 imparts a basic polarization property to the light-
source light or the measuring light 28. Further, the direction
of polarization can be manipulated by rotating the half-wave
plate 68 and the quarter-wave plate 69 at a suitable angle
around the optical axis. The polarization condition of the
light-source light or the measuring light can be set freely by
using the wave plates 68 and 69.

FIG. 24B 1s a diagram schematically showing the configu-
ration of the reference light polarization manipulator 36 or the
interference light polarization manipulator 37. These
mampulators each are made up of a half-wave plate 70 and a
quarter-wave plate 71, and the polarization condition of the
reflected light can be examined by adjusting their angles.

Generally, the polarization condition of light can be repre-
sented by a vector having four components (four-dimensional
vector) S1. When light 1n a certain polanization condition
enters and transmits an object and 1s reflected 1n 1t, the polar-
1zation condition of the light changes through the interactions
with the object. That 1s, the four-dimensional vectors S0
representing the polarization condition of the reflected light
differs from the 4-dimensional vector S1 representing the
polarization condition of the incident light. Accordingly, the
“property that changes the polarization condition (for
example, birefringence property)” of the object can be repre-
sented by a 4x4 matrix M (Mueller matrix). That 1s, when
light having a polarization condition represented by the vec-
tor S1 enters a material having a birefringence property rep-
resented by the matrix M, the vector S0 representing the
polarization condition of the light emitted from that material
can be given by S0=MxS1.

Therefore, 1n order to measure the matrix M representing,
the birefringence property of a certain material, light having a
polarization condition represented by any four vectors may be
passed through the material, and the four vector components
ol the passed light may be detected. This Mueller matrix can
be measured at each measurement point of the object.

In this embodiment, the light-source light polarization
mampulator 35, which 1s located in the optical path of the
measuring light, 1s operated so that the measuring light has at
least four independent polarization conditions. Then, the ret-
erence light polarization mamipulator 36 or the interference
light polarization manipulator 37 1s operated to observe the
interference light resulting from the four vector components,
which are the above-described polarization conditions. Thus,
16 different Mueller-matrix images can be obtained from the
relationship between the above-described vector compo-
nents. These 1mages serve as the images showing the “prop-
erty that changes the polarization condition=property unique
to a subject” of various parts of a tomographic image of the
subject.




US 7,823,782 B2

31

Here, 1t 1s also possible to provide only one of the reference
light polarization mampulator 36 and the interference light
polarization manipulator 37 as needed.

Since body tissue, including oral tissue, has its unique
polarization property, birefringence property and the like, the
birefringence property of a tooth germ or periodontal tissue
can be detected according to this embodiment. In particular,
collagen has a large birefringence property. For example, 1t 1s
possible to discriminate between enamel, which contains no
collagen, and dentine, which contains a large amount of col-
lagen. Further, 16 different images retlecting the polarization
property, the birefringence property and the like unique to
various parts of oral tissue can be obtained, so that it 1s
possible to realize not only discrimination of normal tissue,
but also visualization of lesion tissue, such as dental caries
and congestion.

Although this embodiment has been described for an
example in which a polarization light manipulator 1s provided
in the FD-COT apparatus shown in FIG. 1, the present inven-
tion 1s not limited to this. For example, this embodiment 1s
applicable also to the FD-OCT apparatus according to
Embodiment 2 shown in FIG. 22.

Embodiment 4

FI1G. 25 15 a diagram showing an example of the configu-
ration of a light source according to this embodiment. The
light source according to this embodiment can be used for an
OCT apparatus. For example, the light source 15 of the FD-
OCT apparatus shown i FIG. 1 1s one single-wavelength
light source. On the other hand, i this embodiment, two ore
more light sources 56a, 56b, and 56¢ respectively having
different wavelengths are used 1n place of the light source 15.
The light source 56a may be, for example, a light source
having a center wavelength of 830 nm, the light source 565
may be, for example, having a center wavelength o1 1300 nm
and the light source 56¢ may be, for example, having a center
wavelength of 1600 nm. The light sources 56a, 565 and 56c¢
may be, for example, tunable LDs (laser diodes). Switching,
between the light sources 36a, 565, and 56¢ 1s performed by
driving a rotating mirror 57 for use by the OC'T apparatus for
measurement. That 1s, the light sources 56a, 565, and 56c¢ are
arranged 1n the positions corresponding to specific angles of
the rotating mirror 57. A galvano mirror may be used as the
rotating mirror 57.

Incidentally, the wavelength dependencies of the absorp-
tion coellicient, the transmission coeflficient and the reflection
coellicient of light vary 1n oral tissue, oral lesion tissue, or an
oral prosthetic appliance. For example, for light of a wave-
length near 800 nm, the cementum and the alveolar bone have
a high transmission coeflicient, whereas the enamel and the
dentine have a comparatively large retlection coetlicient. In
addition, since soit tissue such as gums has a high transmiat-
tance for light of a wavelength near 1300 nm or 1500 nm high,
using such light for the light source 1s optimal for measure-
ment of the alveolar bone under gums, and also tooth germ
tissue located deeper therefrom. Moreover, since the fluores-
cence property in the visible light range in dental caries tissue
differs from that of normal tissue, 1t 1s necessary to use a light
source adapted to the wavelength of the fluorescence. There-
fore, 1t has been difficult to visualize all the structures of oral
tissue with conventional OCT apparatuses using a single-
wavelength light source.

The OCT apparatus according to this embodiment includes
the two or more light sources 56a, 365, and 56¢ having
different wavelengths, so that 1t can visualize the fine struc-
ture of materials, such as oral tissue and oral lesion tissue,
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having various absorption coellicients, transmission coetfi-
cients and reflection coetficient of light, for example, by
selecting the wavelength of the light source appropriately. For
example, although light of a longer wavelength near 1300 nm
to 1500 nm cannot be scattered as easily as light of a shorter
wavelength near 800 nm, it tends to be absorbed by water.
Theretore, light of a longer wavelength near 1300 nm to 13500
nm can be used suitably for measurement of hard tissue such
as a tooth and an alveolar bone.

In the OCT apparatus according to Embodiment 4, those
parts other than the above-described parts can be applied to
the OCT apparatuses according to Embodiments 1 to 3 or
conventional OCT apparatuses. In addition, the light sources
56a, 566 and 56¢ are not limited to the tunable LD (laser
diode) 1n the above-described example. For example, the light
sources 56a, 566 and 56¢ may be a superluminescent diode
with a wavelength 1n the range of 800 nm to 16000 nm.

Embodiment 5

FIG. 26 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 5.
In FIG. 26, the same parts as the FD-OCT apparatus shown in
FIG. 22 are denoted by the same reference numerals, and their
description shall be omitted. It should be noted that this
embodiment 1s applicable not only to the FD-OCT apparatus
shown i FIG. 22, but also to the FD-OCT apparatuses
according to Embodiments 1 to 3 or conventional OCT appa-
ratuses.

The FD-OCT apparatus shown 1n FIG. 26 differs from the
FD-OCT apparatus shown 1 FIG. 22 in that a pilot light
source 59 and half mirrors 38 and 60 are provided, and that a
CCD camera 26 1s provided instead of the photodetector 42.

The pilot light source 59 1s provided for radiating pilot light
projected to the measured object 22. Pilot light 1s light radi-
ated onto an 1maging region, 1n order for an operator performs-
ing measurement using an OCT apparatus to check an 1imag-
ing area and the imaging region during 1imaging, or before and
alter imaging. Preferably, the pilot light radiated from the
pilot light source 39 1s visible light.

The pilot light emitted from the pilot light source 39 1s
guided with a half mirror 58 onto the same optical axis as the
light-source light emitted from the light source 15. The pilot
light 1s projected to the measured object 22, together with the
light-source light and the measuring light. This projection can
be observed visually, and allows 1rradiation of the same place
irradiated by the measuring light, so that the operator can
recognize the measuring range.

The cross section of the pilot light 1n a plane perpendicular
to 1ts optical axis may be 1n the form of dots, or may be 1n the
form of a line. If the pilot light has a cross section 1n the forms
of dots, then the optical axis of the pilot light 1s preferably
arranged on the central optical axis of the measuring light. If
the pilot light has a cross section in the form of a line, the
above-described cross section of the pilot light preferably 1s
arranged along the y-axis direction of the measuring light 28.
Since the OCT apparatus shown 1n FIG. 26 uses the cylindri-
cal lens 33, the pilot light 1s shaped to have a cross section 1n
the form of a line as a result of passing through the cylindrical
lens 33, and then radiated to the measured object 22.

The pilot light reflected at the measured object 22 again
passes through the beam splitter 34 together with the retlected
component of measuring light 28, and 1s radiated onto the
CCD camera 26 together with the interference light. The
interference light and the pilot light are detected with the

CCD camera 26.
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It 1s preferable that the CCD camera 26 serves both as a
2D-CCD camera having a sensitivity band 1n visible light as
a two-dimensional imaging device, and a 2D-CCD camera as
a two-dimensional photodetector used for FD-OCT using a
cylindrical lens. Thus, together with an interference spectro-
scopic 1mage of teeth obtained by using FD-OCT, a visible
light image of teeth can be obtained by using the CCD camera
26.

Alternatively, a visible light image of the measured object
22 also can be obtaimned by providing a 2D-CCD camera
having a sensitivity band 1n visible light as a two-dimensional
imaging device separately from the CCD camera 26, and
using a half mirror 60 or the like from above the optical axis
of the measuring light to guide the pilot light to the 2D-CCD
camera having a sensitivity band in visible light. Here, a
two-dimensional imaging device having a sensitivity band at
300 nm to 3000 nm can be used as the 2D-CCD camera
having a sensitivity band 1n visible light.

It should be noted that the optical fiber 18 1s preferably
constituted by image fiber capable of transmitting 1images.

The image of the area measured with the pilot light can be
monitored at the computer 27. Further, a visual light image of
the areca measured with the pilot light can be recorded syn-
chronously with a measured tomographic image.

Embodiment 6

FIG. 27 shows a configuration of an OCT apparatus
according to this Embodiment 6 near the reference mirror. In
the OCT apparatus according to this embodiment, the phase
of the reterence light 1s changed by inserting a phase modu-
lation element on the optical path of the reference light, or by
moving the reference mirror in the optical axis direction. FIG.
27 A 1s a diagram showing an exemplary configuration of the
apparatus in the case of mserting a phase modulation element
on the optical path of the reference light. In FIG. 27A, a phase
modulation element 62 1s mserted in front of the reference
mirror 24. The phase modulation element 62 1s driven by an
clectric driving signal. For example, a rapid scanming optical
delay line (RSOD), an acoustooptic element, an electroopti-
cal element, etc. preferably may be used as the phase modu-
lation element 62.

FI1G. 278 1s a diagram showing an exemplary configuration
of the apparatus in the case of changing the phase of the
reference light by moving the reference mirror 1n the optical
axis direction. In FIG. 27B, the reference mirror 24 1s pro-
vided with a piezoelectric element 63. The piezoelectric ele-
ment 63 1s driven by an electric driving signal. The reference
mirror 24 1s vibrated in the same direction as the direction of
the optical axis of the reference light by the piezoelectric
clement 63 vibrating 1n the direction of the optical axis of the
reference light. As a result, the phase of the reference light 1s
changed.

According to this embodiment, the phase of the reference
light can be shifted using the phase modulation element 62 or
the piezoelectric element 63, so thatit1s possible to obtain, for
example, five sets of distributions of intensity of difiracted
and spectroscopically separated interference light in which
the phase of the reference light 1s shifted by 90 degrees. By
measuring the shape of the measured object 1n the depth
direction (z-axis direction) using the distributions of dii-
fracted and spectroscopically separated interference light
intensity, the measurement range in the depth direction can be
expanded twice. In the following, the principle will be
described 1n detail.

Generally, the measuring range of FD-OC'T theoretically 1s
determined by the resolution of a diffraction element, an
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objective lens and a CCD camera. As a result, the measuring
range 1n the depth direction 1s determined. With FD-OCT, the

light intensity distribution (one- or two-dimensional) on the €
axis ol the diffraction element that has been obtained by the
CCD 1s Fourier transformed or mverse Fourier transformed
using a computer, and converted into a distribution on the
time t axis (1.e., converted 1nto a reflection property distribu-
tion on the depth z axis of the measured object). In this case,
the light intensity distribution 1s a power spectrum, and there-
fore, the results of the inverse Fourier transformation are such
that the autocorrelation of the reference light and a complex
conjugated signal of the cross-correlation between the refer-
ence light and the light reflected 1n the z direction at the object
will be superimposed 1n the distribution 1n the depth z-axis
direction as an 1mage (artifact) resulting from a defect of the
apparatus that 1s unrelated to the original subject. Accord-
ingly, measurement of the difiraction spectrometric interfer-
ence 1mage on the diffraction element will assume that not
only the light intensity distribution but also the optical phase
distribution have been measured, so that the measurement
range 1n the depth direction will be half as compared with a
case where perfect complex 1verse Fourier transformation
was performed.

There 1s no high-speed photodetector capable of directly
detecting the phase of diffracted and spectroscopically sepa-
rated interference light, because 1t 1s a phenomenon that 1s
very rapid (a phenomenon of several femtoseconds or less,
which 1s obtained by dividing the wavelength of light by the
speed of light). Therefore, the spatial phase 1s modulated
instead of the temporal phase, and indirect measurement of
the phase of diffracted and spectroscopically separated inter-
terence light 1s performed equivalently. That 1s, for example,
five sets of intensity distributions of diffraction spectroscopy
interference light 1n which the phase of the reference light 1s
shifted by 90 degrees can be obtained using the phase modu-
lation element 62 or the piezoelectric element 63. By carrying
out complex inverse Fourier transformation for these inten-
sity distributions of diffraction spectroscopy interference
light at the computer 27, the artifacts resulting from the auto-
correlation of the reference light and the complex conjugated
signal of the cross-correlation between the reference light and
the light reflected 1n the z direction at the measured object
(reflected component of the measuring light) are eliminated,

and thereby an inherent measuring range in the depth direc-
tion of FD-OCT 1s realized.

Further, 1t 1s possible to improve the resolution by elimi-
nating the noise by synchronous detection of the detection
signal of the CCD by selecting the frequency of phase modu-
lation appropriately, thereby expanding the measuring range

further.

The FD-OCT apparatuses according to Embodiments 1 to
3 or conventional OCT apparatuses are applicable to this
embodiment, except for those parts of the OCT apparatus of
this embodiment other than the parts described above.

Embodiment 7

FIG. 28 1s a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 7.
In FI1G. 28, the same parts as the FD-OCT apparatus shown in
FIG. 1 are denoted by the same reference numerals, and their
turther description shall be omitted. It should be noted that
this embodiment 1s applicable not only to the FD-OCT appa-
ratus shown in FIG. 1, but also to the FD-OCT apparatuses
according to Embodiments 1 to 3 or conventional OCT appa-
ratuses.
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The FD-OCT apparatus shown 1n FIG. 28 differs from the
FD-OCT apparatus shown 1n FIG. 1 1n that an electric modu-
lator 64 1s provided between a computer 27 and a light source
15.

The computer 27 sends a light quantity modulation signal
to the electric modulator 64 together with an ON/OFF si1gnal.
The electric modulator 64 sends a light quantity control signal
to the light source 15 based on the light quantity modulation
signal. The light quantity output from the light source 15 1s
controlled by the light quantity control signal output from the
clectric modulator 64.

The data detected by the photodetector 41 1s demodulated
at the computer 27 in accordance with the light quantity
modulation signal. The S/N ratio of the detected data 1s
improved by this modulation and demodulation.

The method of the modulation and demodulation may be
AM modulation or FM modulation, for example. It 1s also
possible to provide a light modulator 1n the optical path of the
light radiated from the light source 15 instead of the electric
modulator 64. Alternatively, a light modulator may be pro-
vided on the optical path of the reflected component (light
reflected at the object) of the measuring light 28, or on the
optical path of the reference light 29. Alternatively, a modu-
lator that performs modulation synchronized with the posi-
tions of the measured object 22 and the reference mirror 24
may be provided.

Generally, the measuring range of an OCT apparatus 1s
narrowed by the influence of noise. That 1s, the measuring
light attenuates as 1t enters the measured object 22, so that the
deeper the light reflected at the object in the z direction 1s
located 1n the measured object, the more likely 1t drowns 1n
noise. This narrows the measuring range 1n the depth direc-
tion.

According to this embodiment, the light-source light, the
measuring light or the reference light 1s modulated and a
detection signal 1s detected, and therefore, the S/N ratio 1s
improved and the measurable range 1s expanded.

Embodiment 8

FI1G. 29 15 a diagram showing an example of the configu-
ration of an FD-OCT apparatus according to Embodiment 8.
In FI1G. 29, the same parts as the FD-OCT apparatus shown 1n
FIG. 1 are denoted by the same reference numerals, and their
description shall be omitted. It should be noted that this
embodiment 1s applicable not only to the FD-OCT apparatus
shown 1n FIG. 1, but also to the FD-OCT apparatuses accord-
ing to Embodiments 1 to 3 or conventional OCT apparatuses.

The FD-OCT apparatus shown 1n FIG. 29 differs from the
FD-OCT apparatus shown in FIG. 1 1n that a nonlinear optical
clement 635 1s provided 1n the optical path of reference light
29, and that a filter 66 1s provided. The nonlinear optical
clement 65 1s an optical element that generates harmonics 1n
an oscillatory wavetorm of light, and preferably may be a beta
bartum borate, for example.

Further, the filter 66 that filters out the wavelength compo-
nent of the light-source light, and allows passage of a hali-
wavelength component of the light-source light 1s provided
on the optical path of the interference light that has passed
through the fiber coupler 19.

Generally, a living body generates fluorescence to some
extent, and such tluorescence 1n many cases 1s fluorescence of
secondary harmonics. In particular, this fluorescence prop-
erty of tooth germ tissue often 1s changed by a lesion such as
dental caries.

According to this embodiment, harmonics are generated 1n
an oscillatory wavetorm of the reterence light 29 by providing
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the nonlinear optical element 65 on the reference light. The
secondary harmonic component included 1n these reference
harmonics and the reflected component (light reflected in the
7z direction at the object) of the measuring light 28 are caused
to 1terfere by the fiber coupler 19. As a result, the fluores-
cence property of the measured object 22 can be detected
more clearly. Consequently, the performance of discriminat-
ing tomographic images of, for example, a lesion such as
dental caries 1s improved.

In the following, the principle of this will be described 1n
detail.

A living body shows a prominent second harmonic fluo-
rescence property by two-photon absorption. This fluores-
cence 1s emitted when electrons bound to the constituent
atoms of a living body leap to a high potential energy level 1n
response to the energy equivalent to two photons of the mea-
suring light and return from there to the original level. In the
case of a living body, the potential energy level of the second-
ary harmonic fluorescence 1s close to an approximately con-
tinuous band, and the level exists 1n almost all wavelength
bands. A characteristic of this second harmonic fluorescence
lies 1n that fluorescence synchronized with the incident mea-
suring light 1s generated, 1.e., the coherence of the OC'T appa-
ratus 1s maintained. This second harmonic fluorescent light 1s
emitted from the inside of the measured object 22, and a
portion of it returns as the light reflected 1n the z direction at
the object (reflected component of the measuring light 28).
Meanwhile, since the nonlinear optical element 65 1s pro-
vided on the path of the reference light 29, harmonics are
generated 1n an oscillatory wavetform of the reference light
29. By measuring the interference light between the reference
light 29 and the light reflected in the z direction at the object
(reflected component of the measuring light 28), the fluores-
cence property inside the measured object 22 can be detected.
Theretore, this 1s effective in making diagnosis of a lesion,
such as dental caries, that involves a change in the fluores-
cence property.

Embodiment 9

The FD-OCT apparatuses according to Embodiments 1 to
3 or conventional OCT apparatuses are applicable to Embodi-
ment 9, except for the parts described below. Theretore, the
description of other parts of the OCT apparatus of Embodi-
ment 9 shall be omaitted.

In an OCT apparatus, an image obtained by measurement
1s displayed using, for example, the display portion 27a pro-
vided 1n the computer 27. However, if an OCT tomographic
image 1s displayed as 1t 1s, the 1mage appears somewhat
unnatural. In the OCT apparatus according to this embodi-
ment, an easily viewable image can be provided by perform-
ing the following display.

When an image of the measured object 1s displayed, it 1s
preferable to display a light transmitted portion, which 1s an
areca where the measuring light has enters and reached the
measured object, and a portion located at a deeper area of the
measured object where the measuring light has notreached so
that they can be discriminated against each other.

The measuring range of the OCT apparatus in a single shot
1s small compared with the size of a tooth, so that 1t 1s difficult
from only a single image to determine which area of the tooth
was 1maged and from which direction that area was 1imaged.
Therefore, 1t 1s preferable to display a composite of a plurality
ol 1mages.

Further, the distance of the measured object 1n the depth
direction (z-axis direction) in an OCT image 1s an optical
distance, and not an actual distance. Therefore, 1t 1s preferable
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to display an image for which the optical distance has been
corrected to the spatial distance.

Further, since the amount of the measuring light decreases
with an increase 1n the distance 1n the z direction from the
surface of the measured object, the amount of the light
reflected 1n the z direction at the object also decreases. This
results 1n a “dark™, 1.e., “low reflection” area of the image
when displayed. Therefore, 1t 1s preferable to display an
image for which shade correction has been performed for the
depth direction based on the optical distance or the integral
value of the retlection amount.

In the case of displaying an image on a usual monitor
screen of a PC, especially 1n an enlarged manner, the mea-
surement resolution will be coarser than the resolution on the
PC monitor screen, resulting 1n point display or point density
display, or coarse gray-scale display. Therefore, it 1s prefer-
able to display an image for which the display of light and
dark that 1s achieved by the density of points has been cor-
rected to solid display.

10

15

Since an 1mage obtained by measurement 1s ultimately a 20

tomographic 1image of an object, the spatial position and
orientation cannot be known easily. Therefore, 1t 1s preferable
to produce a stereoscopic display of the tomographic image
on a pilot monitor image. It 1s also preferable to provide a user
interface with which the operator freely can select a cross
section to be displayed.

In some cases, noise may be contained in an obtained
image. Therefore, it 1s preferable to produce a display with
improved spatial resolution by eliminating temporal noise by
obtaining an integrated average of a plurality of tomographic
images or a plurality of images. Alternatively, 1t 1s possible to
produce a display 1n which spatial noise has been eliminated
in the x direction by obtaining an integrated average of a
plurality of tomographic images obtained by scanning in the
longitudinal direction (x direction). Further, 1t 1s possible to
produce a display 1n which noise has been eliminated 1n the x
and/or vy direction by obtaining an integrated average of a
plurality of tomographic images.

In addition, an 1image can be formed and displayed 1n an
OCT apparatus, using an image ol an intraoral camera in
combination.

It should be noted that in FIGS. 1 to 16, which have been
referred to 1n order to describe the embodiments above, the
rat10 of sizes or lengths of the features shown in the drawings,
the focal lengths and the like do not necessarily indicate the
actual ratios precisely.

As stated above, a dental OCT apparatus according to the
present mnvention obtains information of not only the surface
of a measured object, which is teeth tissue or periodontal
tissue, or a dental prosthetic appliance, but also the interior
thereolusing light, and displays such information. That is, the
present invention relates to a dental optical coherence tomog-
raphy apparatus that obtains, analyzes and displays dental
property data of minute area 1n various areas of a measured
object on a measurement resolution scale.

The dental OCT apparatus according to the present inven-
tion includes an actuator for performing two-dimensional
scanning 1n the probe unit. It 1s preferable that a mouthpiece
or a splint 1s used for fixing the relative position between the
probe unit and the measured object.

It 1s also preferable that the arithmetic portion 1n the dental
OCT apparatus performs brightness correction in the depth
direction in order to display a measured 1mage with good
visibility. Furthermore, by calculating the measurement
results obtained by the measuring light of wavelengths that
are temporally different, the arithmetic portion can eliminate
the need of scanning in the depth direction of the measured
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object, or can expand the sensitivity and the measurement
range. In other words, the dental OCT apparatus according to
the present invention 1s an apparatus obtained by applying a
so-called swept source OCT apparatus to dental use.

INDUSTRIAL APPLICABILITY

The present invention 1s applicable particularly to the field
of dentistry as an 1inexpensive optical coherence tomography
apparatus capable of high-speed measurement and having a
simple configuration.

The mvention claimed 1s:

1. A dental optical coherence tomography apparatus using
tissue 1n a stomatognathic region of a living body or an
artificial composition in the stomatognathic region as a mea-
sured object, the apparatus comprising:

a variable wavelength light source that emits light whose

wavelength changes with time;

a light splitting portion that splits light-source light emaitted
from the variable wavelength light source into reference
light for irradiating a reference mirror and measuring,
light for irradiating a measured object;

an interference portion that causes the measuring light
reflected at the measured object and the reference light
reflected at the reference mirror to interfere with each
other, thereby generating interference light;

a photodetection portion that measures the interference
light, whose wavelength changes with time;

an arithmetic portion that generates reflection property
datarepresenting a position at which the measuring light
1s reflected at the measured object and the reflection
intensity thereof by Fourier transforming or inverse Fou-
rier transforming an intensity of the mterference light
measured by the photodetection portion in each stage of
the changing wavelength, and that generates an 1image of
the measured object;

a probe that radiates the measuring light so that the mea-
suring light 1s guided to the measured object, recetves
the measuring light reflected at the measured object, and
guides the measuring light to the interference portion;
and

a fixing means that 1s fixed to the probe and 1s able to fix a
relative position between the probe and the measured
object by being in contact with a portion of the measured
object or by being bonded thereto via an adhesive mem-
ber,

wherein the fixing means comprises a mouthpiece having a
shape that can be 1nserted between upper dentition and
lower dentition and that matches the shape of dentition
including a measured object, or a splint core including a
mounting portion that 1s attachable to an adhesive mem-
ber that has a shape matching the shape of dentition
including a measured object.

2. A dental optical coherence tomography apparatus using,
tissue 1n a stomatognathic region of a living body or an
artificial composition 1n the stomatognathic region as a mea-
sured object, the apparatus comprising:

a light source;

a light splitting portion that splits light-source light emitted

from the light source into reference light for 1rradiating
a reference mirror and measuring light for irradiating a
measured object;

an interference portion that causes the measuring light
reflected at the measured object and the reference light
reflected at the reference mirror to interfere with each
other, thereby generating interference light;
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a photodetection portion that measures the interference
light;
an arithmetic portion that generates reflection property
data representing a position at which the measuring light

40

divided layers to, thereby generating a tomographic
image of the measured object 1n an optical axis direction.
7. The dental optical coherence tomography apparatus

according to claim 2,

1s reflected at the measured object and the reflection 5 wherein the light source comprises two or more light

intensity thereol based on the interference light mea- sources having different center wavelengths, and

sured by the photodetection portion, and that generates includes a light source switching portion that guides

an 1mage ol the measured object; light from any one of the two or more light sources to the
a probe that radiates the measuring light so that the mea- light splitting portion.

suring light 1s guided to the measured object, recerves 10 8. The dental optical coherence tomography apparatus

the measuring light reflected at the measured object, and according to claim 2, further comprising:

guides the measuring light to the interference portion; a dental shape data recording portion for recording dental

and shape data indicating the shape of each area of tissue in
a fixing means that 1s fixed to the probe and 1s able to fix a a stomatognathic region of a living body; and

relative position between the probe and the measured 15  a display portion for displaying an 1mage generated by the

object by being 1n contact with a portion of the measured arithmetic portion,

object or by being bonded thereto via an adhesive mem- wherein the arithmetic portion extracts a portion of the

ber, generated 1image that represents each area, a lesion, a
wherein the fixing means comprises a mouthpiece having a prosthetic appliance or a filling 1n the tissue in the sto-

shape that can be inserted between upper dentition and 20 matognathic region, using the dental shape data, and

lower dentition and that matches the shape of dentition
including a measured object or a splint core including a
mounting portion that is attachable to an adhesive mem-
ber that has a shape matching the shape of dentition

outputs said portion to the display portion in such a
manner that said portion can be distinguished visually
from other portions.

9. A dental optical coherence tomography apparatus for

measuring tissue 1n a stomatognathic region of a living body
or an artificial composition in the stomatognathic region as a
measured object, the apparatus comprising:

including a measured object. 25
3. The dental optical coherence tomography apparatus
according to claim 2,

wherein the probe includes an objective lens that focuses
the measuring light on the measured object, and

direction, and correct the reflection intensity for each of

the divided layers by using a transmittance of each of the

a light source;
a light splitting portion that splits light-source emaitted from

the fixing means {ixes a relative position between the probe 30 the light source into reference light for irradiating a
and the measured object so that a focal point of the reference mirror and measuring light for 1rradiating a
measuring light focused by the objective lens 1s located measured object;
on a surface or the interior of the measured object, 1n a an interference portion that caused the measuring light
state 1n which the fixing member 1s 1n contact with the reflected at the measured object and the referenced light
measured object. 35 reflected at the reference mirror to interfere with each

4. The dental optical coherence tomography apparatus other, thereby generating interference light;

according to claim 2, a photodetection portion that measures the interference
wherein the probe further comprises a scanning means that light;

scans the measuring light for irradiating the measured an arithmetic portion that generates reflection property

object in two directions perpendicular to the optical axis 40 data representing a position at which the measuring light

of the measuring light. 1s reflected at the measured object and the reflection

5. The dental optical coherence tomography apparatus intensity thereof based on the interference light mea-

according to claim 2, sured by the photodetection portion, and generates an
wherein the arithmetic portion generates retlection prop- image of the measured object;
erty data representing a depth of the measuring light 45  a probe that radiated the measuring light so that the mea-
entering the measured object and the reflection intensity suring light 1s guided to the measured object, recerves
of the measuring light at said depth based on the inter- the measuring light reflected at the measured object, and
ference light, and corrects the reflection intensity 1n guides the measuring light to the iterference portion;
accordance with said depth, or a function or an integral a rotating member that 1s attached to the probe so that 1t can
function relating to said depth, thereby generating a 50 rotate about at least one direction as a rotation axis, and
tomographic image of the measured object 1n an optical that includes an irradiation port for radiating the mea-
axis direction. suring light 1n a direction forming a fixed angle or a
6. The dental optical coherence tomography apparatus variable angle with the rotation axis; and
according to claim 2, a driving portion that rotates the rotating member.
wherein the arithmetic portion generates retlection prop- 55 10. The dental optical coherence tomography apparatus
erty data representing a distribution of reflection inten- according to claim 9, further comprising
sity of the measuring light 1n the depth direction of the a sleeve provided on the rotating member via a bearing so
measuring light entering the measured object based on that the sleeve covers the rotating member, and including
the iterference light, divides the distribution of the a window for allowing passage of the measuring light
reflection intensity into a plurality of layers in said depth 60 radiated from the 1rradiation port.
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